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CHAPTER 1
General introduction
81. Scope 
The development from a ferƟ lized egg into a mulƟ -cellular organism is a complex process 
that involves the formaƟ on of all cell lineages. Even though the geneƟ c informaƟ on in all 
cells within the organism is the same, over 200 diﬀ erent cell types with a unique idenƟ ty 
have been idenƟ ﬁ ed. This is accomplished by acƟ vaƟ ng and repressing diﬀ erent develop-
mental programs within the embryo. One of the mechanisms involved in regulaƟ ng these 
developmental processes is transcripƟ onal regulaƟ on. The central dogma starts at the 
DNA, in which all informaƟ on about the genes and the regulatory sequences is encoded. 
Genes should be transcribed into RNA in the correct cells, at the right Ɵ me, and in the 
right amounts. These RNA transcripts can be translated into proteins, which are the cells’ 
workhorses; they execute many funcƟ ons and determine the cellular idenƟ ty. On both the 
transcripƟ onal and the translaƟ onal level Ɵ ght regulaƟ on is required to make sure that cells 
execute the correct funcƟ on. In this introducƟ on I will give an overview of embryonic de-
velopment, a brief introducƟ on to epigeneƟ cs and a more detailed background on the Poly-
comb group proteins and what is known about their funcƟ on in vivo. I will mostly focus on 
these aspects in zebraﬁ sh because they have been used as a model organism in chapter 2-5 
of this doctoral thesis. 
2. Embryonic development
During embryogenesis, the ferƟ lized egg develops in an embryo through Ɵ ghtly regulated 
processes to give rise to a mulƟ -cellular organism. Embryogenesis starts with the ferƟ liza-
Ɵ on of an egg, now called the zygote, which is the basis for a new organism. In the diﬀ er-
ent projects described in this doctoral thesis I have been using zebraﬁ sh as a vertebrate 
model system to study (epi)geneƟ c regulaƟ on of development. Zebraﬁ sh (Danio rerio) is 
a commonly used in vivo model system to study development, because the embryos are 
opƟ cal transparent, they develop ex vivo, many embryos are produced, and zebraﬁ sh are 
vertebrates in which many molecular and developmental mechanisms are conserved. These 
traits make it also possible to follow the process of development under the microscope, use 
them for molecular biology research, and the ﬁ ndings can be translated to other vertebrate 
systems. AddiƟ onally, in three months ﬁ sh are able to produce progeny, and in contrast to 
many other species, they have a lifelong producƟ on of gametes, which makes it possible to 
study both spermatogenesis and oogenesis [1].
2.1.1 Zebraﬁ sh embryogenesis. When zebraﬁ sh eggs are ferƟ lized by the sperm, the intra-
cellular calcium levels rise within the ferƟ lized egg and the chorion around the cell swells 
[2,3]. Quickly aŌ er ferƟ lizaƟ on, the cytoplasm segregates from the yolk at the animal pole. 
At this localizaƟ on the cells divide during the cleavage stage. During the ﬁ rst ten cleavage 
divisions the embryo used transcripts and proteins that were already present in the female 
gamete, the so-called maternal load [4,5]. From 128-cells onwards the embryo is referred 
to as the blastula which undergoes the mid-blastula transiƟ on (MBT) around 3.3 hours post 
ferƟ lizaƟ on (hpf). During MBT the synthesis of zygoƟ c transcripts is iniƟ ated, the so-called 
zygoƟ c genome acƟ vaƟ on (ZGA), and during MBT the cell cycle lengthens, mitosis becomes 
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asynchronous, and the maternal transcripts are degraded [3,4,6]. This blastula undergoes 
epiboly, the process during which the cells will move and cover the yolk. Stages around 
these developmental Ɵ me points are deﬁ ned by the percentage coverage of the yolk by the 
embryo and from 50% epiboly onwards they enter the stage of the gastrula. During gastru-
laƟ on the three germ layers are formed: ectoderm, mesoderm, and endoderm. These germ 
layers have acƟ vated disƟ nct regulatory pathways and fate maps of cells in the diﬀ erent 
posiƟ ons of the embryo have been generated to annotate which cells are the progenitors 
of speciﬁ c organs and Ɵ ssues [3,7]. Morphogenic movements of epiboly, involuƟ on, conver-
gence, and extension are the processes involved in the formaƟ on of the three germ layers. 
Once epiboly is ﬁ nished around 10 hpf the tail bud is visible. In the following 14 hours, the
so-called segmentaƟ on period, the somites are formed. The ﬁ rst body movements are de-
tected around 17 hpf [3,8]. Within 1 day post ferƟ lizaƟ on (dpf), one can visually disƟ nguish 
the head and tail. UnƟ l now, the embryo has undergone rapid lengthening, which is slowed 
down around 31 hpf. Between 1 and 2 dpf the organs further develop and the pharyngeal 
arches will develop from the primordium region. These arches will later give rise to jaws, 
and the carƟ lage of the gills [3,9]. Straightening of the embryo, due to morphogenic cell 
movements, also visually results in head straightening and the angle of the head to the 
trunk can be used as a proxy for staging the embryo [3]. The embryos grow steadily, and 
usually hatch around 3 dpf [3]. A detailed descripƟ on of all zebraﬁ sh developmental stages 
has been published by Kimmel et al., and has been widely used to stage embryos in the 
studies described in this thesis [3].
2.1.2 Germ line development in zebraﬁ sh. Germ cells give rise to the gametes: sperm and 
oocytes [10]. They contain geneƟ c informaƟ on that is crucial for the diﬀ erenƟ aƟ on of a 
toƟ potent zygote into a mulƟ -cellular organism with all diﬀ erent cell lineages and thereby, 
these germ cells are crucial for preservaƟ on of geneƟ c integrity, generaƟ on of geneƟ c diver-
sity, and for transmission of geneƟ c informaƟ on to progeny [11]. Germ cells are described
to contain germ plasm: ‘‘a speciﬁ c substance harboring the geneƟ c informaƟ on to allow 
diﬀ erenƟ aƟ on of germ cells into every cell type including germ cells of the next generaƟ on’’ 
[11]. During zebraﬁ sh development germ plasm is present at the cleavage furrows at the 
4-cell stage and from the 32-cell stage it is detected in disƟ nct primordial germ cells. These
cells express amongst others the commonly used germ cell marker vasa [12]. The primordial
germ cells migrate to the genital ridge, where they give rise to the germ line [13]. Unlike
many other organisms, no sex chromosomes have been idenƟ ﬁ ed in zebraﬁ sh yet, and up
Ɵ ll now, not much is known about sex speciﬁ caƟ on in zebraﬁ sh. Fish density, water tem-
perature, abundance of food, but also geneƟ c factors are suggested to be involved in this
process [14,15]. The germ line is specialized during embryogenesis, but only diﬀ erenƟ ates
during sexual maturaƟ on, which takes places around 3-4 weeks post ferƟ lizaƟ on [11]. This
coincides with the stage at which the diﬀ erenƟ aƟ on into either ovaries or testes will be
detectable.
During the reproducƟ ve life of the adult zebraﬁ sh there is maintenance of conƟ nuous gam-
ete producƟ on. This unique characterisƟ c of zebraﬁ sh allows to disƟ nguish the diﬀ erent
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stages of gametogenesis throughout life [1]. During oogenesis we can disƟ nguish ﬁ ve mat-
uraƟ on stages: stage I to stage V oocytes. These stages show morphological diﬀ erences 
and undergo cell growth [11,16]. For spermatogenesis we can disƟ nguish spermatogonia, 
spermatocytes, spermaƟ ds, and fully mature sperm. These stages are also commonly dis-
Ɵ nguished based on morphology [17]. For the diﬀ erent stages of spermatogenesis in other 
model organisms, markers have been idenƟ ﬁ ed, which might also be suitable for zebraﬁ sh. 
These include, but are not limited to, cyclin B3 (Ccnb3) for spermatocytes in eel, chicken, 
and mammals [18], and sycp1 and sycp3, which are speciﬁ c for the spermatocytes in meda-
ka ﬁ sh [19]. Another potenƟ al marker, which was idenƟ ﬁ ed in mouse spermatocytes, is the 
meiosis speciﬁ c Rec gene [20]. These potenƟ al staging markers for spermatogenesis in other 
species are good candidates as markers for zebraﬁ sh Ɵ ssue; though care should be taken in 
blindly applying them in zebraﬁ sh because they could have diﬀ erent expression paƩ erns. 
For instance, gonadal soma-derived factor (gsdf) [21] is gonad speciﬁ cally expressed in me-
daka and zebraﬁ sh, but in medaka it is enriched in testes over ovaries, whilst in zebraﬁ sh 
gsdf expression is higher in ovaries than in testes [21]. The idenƟ ﬁ caƟ on of good markers for 
gametogenesis in zebraﬁ sh would be of great advantage for future studies.
2.1.3 Heart development in zebraﬁ sh. Besides the aforemenƟ oned advantages of zebraﬁ sh 
as a model organism, the embryos are also very suitable to study Ɵ ssue speciﬁ c develop-
ment such as cardiac development. Because osmosis of oxygen from water is suﬃ  cient for 
zebraﬁ sh survival they do not rely on proper heart funcƟ on during early development, in 
contrast to birds and mammals, and this characterisƟ c of zebraﬁ sh enables to study heart 
developmental defects [22]. In brief, myocardial and endocardial progenitor cells are spec-
iﬁ ed early onwards and will orchestrate into two heart ﬁ elds. These heart ﬁ elds will fuse at 
the mid-line to form the cardiac disc which develops into a cardiac tube around 28 hpf [22]. 
Around 30 hpf a two wave heartbeat can be detected within the heart tube [3]. Cardiac 
looping is subsequently iniƟ ated and ensures the correct posiƟ on of the two chambers, the 
atrium and ventricle that are separated by the atrioventricular-canal. This process results in 
an S-shaped heart, which will be covered by an epicardial layer [22]. Because we detected 
heart developmental defects in zebraﬁ sh Polycomb group mutant zebraﬁ sh embryos, more 
background on epigeneƟ c regulaƟ on of this process in vivo is provided in secƟ on 4.2.3 of
this introducƟ on.
3. EpigeneƟ c control of gene expression
The term epigeneƟ cs was ﬁ rst introduced by Conrad Waddington in the 1950s as ‘‘An 
epigeneƟ c trait is a stably heritable phenotype resulƟ ng from changes in a chromosome 
without alteraƟ ons in the DNA sequence.’’ [23,24]. I present here an overview of the main 
epigeneƟ c principles known, with a special focus on Polycomb Group proteins which are 
studied in this thesis.
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3.1 The chromaƟ n
The DNA is organized in a DNA-protein structure referred to as chromaƟ n. The chromaƟ n 
morphology is an important determinant for transcripƟ onal acƟ vity because it aﬀ ects the 
accessibility of the DNA for transcripƟ on factors and recruits proteins involved in transcrip-
Ɵ on. The individual building blocks of the chromaƟ n are nucleosomes that are formed by 
the core histone octamer around which DNA stretches are wrapped. The core-histones are 
H2A, H2B, H3, and H4, and an octamer of histones is formed by two H3-H4 heterodimers 
that pair with two H2A-H2B heterodimers. This complex is bound by the ‘linker histone’ 
protein H1 that keeps the DNA in place. Nucleosomes accommodate about 146 base pairs 
of DNA and the space between each nucleosome is around 50 base pairs [25]. The histone 
proteins are posiƟ vely charged and the DNA is negaƟ vely charged, enabling compacƟ on of 
the DNA [26]. MulƟ ple mechanisms have been implicated to modulate chromaƟ n in order 
to change gene expression and these mechanisms will be described below from a global to 
local level.
3.1.1 ChromaƟ n topology and compartmentalizaƟ on. An important determinant of gene 
regulaƟ on is the organizaƟ on of the chromosomes within the nucleus. Chromosomes are 
compartmentalized by diﬀ erent types of chromaƟ n domains. On the global level we can 
disƟ nguish heterochromaƟ n and euchromaƟ n, which are the highly compacted and more 
loose regions, respecƟ vely [27]. Highly condensed DNA, heterochromaƟ n, is transcripƟ on-
ally inacƟ ve, and is usually close to the lamina or at the centrosomes. The euchromaƟ n 
tends to localize more in the center of the nucleus, with higher accessibility for transcrip-
Ɵ on factors. These chromaƟ n regions further compartmentalize in topological associated 
domains (TADs) that show chromaƟ n interacƟ ons within the domain. Looping of genes to 
compartments that are highly associated to acƟ ve transcripƟ on will enhance these genes to 
become acƟ ve. Such acƟ ve TADs are recognized by the presence of the acƟ ve form of RNA 
polymerase (Pol) II [28]. Another determinant of gene regulaƟ on at the level of TADs are the 
interacƟ ons that are formed between cis-regulatory elements, such as long-range promot-
er-enhancer interacƟ ons [29]. The boundaries of the TADs are associated with the presence 
of the transcripƟ on factor CTCF, which acts as an insulator [30], and other transcripƟ on fac-
tors [31]. Within TADs, cell-type speciﬁ c loops between enhancer and promoter sequences 
can be created, thereby establishing cell-type-speciﬁ c gene acƟ vaƟ on and thus cell idenƟ ty. 
For example, diﬀ erences in enhancer usage can result in changes in transcripƟ onal acƟ vity 
to mediate cell-type speciﬁ c gene regulaƟ on [32].
3.1.2 Local remodeling of nucleosomes. Local remodeling of the nucleosomes by ATP-de-
pendent chromaƟ n remodeling complexes (CRCs) is one of the mechanisms aﬀ ecƟ ng tran-
scripƟ on. CRCs are large mulƟ -subunit complexes and are classiﬁ ed in four main families: 
SWI/SNF family, the INO80/SWR1 family, ISWI family, and the CHD family. These complexes 
can alter the posiƟ on of nucleosomes and remove and exchange them in order to change 
DNA accessibility [33].
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3.1.3 VariaƟ ons of the nucleosome. The classical composiƟ on of nucleosomes comes in 
many diﬀ erent ﬂ avors. The conﬁ guraƟ on of nucleosomes can be changed through mulƟ ple 
mechanisms which will be brieﬂ y discussed in the next secƟ ons.
Histone variants. The histone octamer usually consists of the histone proteins described 
above. However, these canonical histones can be replaced by histone variants that have dif-
ferent properƟ es when it comes to nucleosome stability, DNA-histone interacƟ ons, histone 
modiﬁ caƟ ons, and the recruitment of chromaƟ n binding proteins [34]. Together they aﬀ ect 
transcripƟ onal regulaƟ on. An example is the centrosome-speciﬁ c histone variant CenH3 
(also known as CENP-A), which is required for the formaƟ on of the kinetochores and there-
by essenƟ al for cell division [34].
DNA-methylaƟ on. Another mechanism to control transcripƟ onal acƟ vity that funcƟ ons on 
the DNA is DNA methylaƟ on. DNA methyltransferases can methylate cytosines, mainly with-
in CpG-rich regions to induce chromaƟ n compacƟ on. The resulƟ ng 5-methylcytosine (5mC) 
generally has a repressive eﬀ ect on the underlying genes [35].
Histone modiﬁ caƟ ons. The N-termini of the histone proteins protrude from the nucle-
osome and are highly accessible for enzymes that place post-translaƟ onal modiﬁ caƟ ons 
(PTMs). The other common region of the histone is referred to as the histone fold, and this 
part is also subjected to PTMs [36]. Many of these PTMs have been idenƟ ﬁ ed and studied 
in a variety of seƫ  ngs, indicaƟ ng that PTMs and their associated biological processes are 
evoluƟ onarily conserved. With chromaƟ n immunoprecipitaƟ on (ChIP) the interacƟ ons of 
proteins with the chromaƟ n can be determined by using anƟ bodies against speciﬁ c markers 
to pull down the associated DNA fragments. Next, deep-sequencing or quanƟ taƟ ve PCR of 
these fragments gives insight in the locaƟ on of binding proteins of interest. Moreover, this 
localizaƟ on can be linked to gene expression as assessed by, for example, microarray or 
RNA-sequencing. This comparison can shed new light on the relaƟ onship between the pres-
ence of speciﬁ c histone marks or chromaƟ n-associated proteins and transcripƟ onal acƟ vity 
of the underlying genes. An overview of a few of the main epigeneƟ c marks and their local-
izaƟ on on the chromaƟ n is summarized in Figure 1. The PTMs are placed by so-called epi-
geneƟ c ‘writers’ and are removed by ‘erasers’. For example, histone methyltransferases and 
histone demethylases write and erase histone methylaƟ on marks, respecƟ vely. AcetylaƟ on 
marks are placed by histone acetyltransferases and removed by histone deacetylases. The 
histone marks can be recognized by epigeneƟ c ‘readers’ that contain speciﬁ c protein-bind-
ing domains. Their binding usually results in recruitment of a protein complex, which aﬀ ects 
transcripƟ onal acƟ vity. An example of such a histone binding domain is the chromodomain, 
which has aﬃ  nity for methylated lysines [37].
A potenƟ al mode of acƟ on by which PTMs aﬀ ect transcripƟ onal acƟ vity is by altering the 
binding between DNA and histones. DecompacƟ on of the chromaƟ n is associated to tran-
scripƟ onal acƟ vaƟ on. AcetylaƟ on is an example of a negaƟ vely charged PTM, which results 
in loosening of the chromaƟ n structure conveying enhanced accessibility for transcripƟ on 
Chapter 1
13
General introduction
factors [38]. However, this rule of thumb does not apply to all modiﬁ caƟ ons. Histone tail 
methylaƟ on for instance does not aﬀ ect the protein charge and the downstream eﬀ ects of 
the mark depend on the residue that is modiﬁ ed, leading to transcripƟ onal repression or 
acƟ vaƟ on.
H3K4me3 and H3K27me3 are associated to the promoter regions of acƟ ve and inacƟ ve 
genes, respecƟ vely [39,40] (Fig. 1). The proteins that place H3K4me3 and H3K27me3, Thri-
torax gene (TrxG) proteins and Polycomb group (PcG) proteins respecƟ vely, can directly 
regulate the acƟ vity of RNA Pol II, thereby having antagonizing eﬀ ects on gene expression 
[41]. InteresƟ ngly, co-occurrence of the counteracƟ ng epigeneƟ c marks H3K4me3 and 
H3K27me3 has been reported in mouse and zebraﬁ sh and are referred to as bivalent pro-
moters [39,40,42,43]. Such regions are regarded as being ‘primed’ for future acƟ vaƟ on or 
repression [42–45]. This co-occurrence is a very interesƟ ng observaƟ on, as the H3K4me3 
mark also was found to represses the deposiƟ on of H3K27me3 [46–48]. More research 
needs to be performed to get insight whether these two antagonisƟ c marks are present on 
the same histone tail within the same cell, and thus whether regions can be really bivalent. 
The combinaƟ on of all PTMs at the chromaƟ n is an important determinant of the epi-
genome and thereby the transcripƟ onal acƟ vity. In this doctoral thesis the global binding 
distribuƟ on of H3K4me3 (chapter 5) and H3K27me3 (chapter 2, 5) has been analyzed in 
wildtype and PcG mutant embryos.
4. TranscripƟ onal regulaƟ on by Polycomb group proteins
The histone protein H3 can be post-translaƟ onally modiﬁ ed by a mulƟ tude of epigeneƟ c 
writers. One of them is the methyltransferase Ezh2, which harbors enzymaƟ c acƟ vity via its 
SET-domain. Ezh2 is a member of the Polycomb group (PcG) protein family, which were ﬁ rst 
idenƟ ﬁ ed in Drosophila melanogaster for their role in segmentaƟ on by spaƟ al and temporal 
repression of homeoƟ c (hox) genes [52]. Since then, hundreds of PcG-target genes have 
been idenƟ ﬁ ed with a overrepresentaƟ on of transcripƟ on factors and morphogens involved 
in development [53].
PcG proteins can assemble in mulƟ -subunit protein complexes. The two main complexes are 
Polycomb Repressive Complex 1 and 2 (PRC1 and PRC2). AddiƟ onal PcG protein complex-
Figure 1. SchemaƟ c representaƟ on of the epigeneƟ c marks discussed in this thesis. The presence of these marks at 
acƟ ve and inacƟ ve regions is shown at the diﬀ erent elements of a gene. Based on [49–51].
H3K36me3
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H3K27me3
H3K27ac
nucleosomes
H2AK119ub
inactive genes
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es have been described in Drosophila: the Polycomb repressive deubiquiƟ nase (PR-DUB) 
complex, dRing-associated factors (dRAF) complex, and the Pho-repressive complex (PhoRC) 
[53,54]. In this thesis I focus on the subunits of PRC1 and PRC2 and in parƟ cular on their 
enzymaƟ c subunits, Rnf2 and Ezh2, respecƟ vely.
4.1 Polycomb Repressive Complexes
Polycomb repressive complexes (PRCs) are the main complexes in which PcG proteins as-
semble. The hierarchical view on their mode of acƟ on is that PRC2 is recruited to the chro-
maƟ n, where it di- and trimethylates H3K27. H3K27me1, the monomethylated H3K27, is 
mainly found at heterochromaƟ n, though interesƟ ngly it is also found at gene bodies of 
acƟ ve genes. How H3K27me1 originates is sƟ ll under debate in the ﬁ eld. PotenƟ ally, anoth-
er enzyme places this mark de novo or it could arise from the demethylaƟ on of the di- and 
trimethylaƟ on versions of H3K27 [55]. The dimethylated version of H3K27 (H3K27me2) as 
placed by PRC2, is found throughout the inacƟ ve part of the genome and trimethylaƟ on 
(H3K27me3) is mainly detected at and around coding genes. During embryonic stem cell 
(ESC) diﬀ erenƟ aƟ on in vitro, a Ɵ ght balance between di- and trimethylaƟ on has been de-
scribed to be crucial for proper diﬀ erenƟ aƟ on [56]. H3K27me3 can be recognized by the 
Cbx subunit of PRC1 and subsequently the enzymaƟ c subunit of PRC1, an E3-ligase with a 
RING-domain, places the H2AK119ub mark. This mark stabilizes the transcripƟ onal repres-
sive environment.
4.1.1 ComposiƟ on PRC1 and PRC2. Many variants of PRC1 and PRC2 have been described, 
which are generated through exchange of core subunits, addiƟ on of substoichiometric sub-
units, and/or the existence of paralogues of these subunits [53,57,58]. Especially PRC1 was 
shown to exist in many diﬀ erent non-canonical composiƟ ons [59,60]. An overview of the 
subunits of PRC1 and PRC2 is shown in Table 1.
The core of PRC1 consist of the catalyƟ c acƟ ve RING protein which heterodimerizes with a 
member of the PCGF family. In mouse and human two Ring proteins are described: RING1 
and RNF2, whilst in zebraﬁ sh only one catalyƟ c subunit is idenƟ ﬁ ed, which shows most 
resemblance with RNF2. Many variants are described of the PCGF protein in PRC1. The 
RING/PCGF dimer can be bound by both a CBX family member and a PHC family member. 
These four proteins together are considered as the core of canonical PRC1 [61]. The CBX 
protein recognizes the H3K27me3 mark via its chromodomain, and subsequently the oth-
er PRC1 subunits are recruited [62]. PRC1 comes in many ﬂ avors and in vitro experiments 
have proven that the RING1/PCGF dimer can also be bound by RYBP and YAF2, giving rise 
to the non-canonical PRC1 variant called RNF2-RYBP [53]. The funcƟ on of this variant is 
H3K27me3-independent, since it does not have a chromodomain-containing subunit that 
recognizes this mark. Diﬀ erent PRC1 binding sites and diﬀ erent E3-ligase acƟ vity levels can 
be established by the use of diﬀ erent subunits within PRC1 [63]. All PRC1 variants contain an 
E3-ligase, and are thereby able to deposit the H2AK119ub mark [58,64]. In chapter 3 zygoƟ c 
rnf2 mutant zebraﬁ sh are used to study the role of Rnf2 in embryogenesis.
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PRC2 consists of the core subunits EZH1/-2 (E(z) in Drosophila), SUZ12, and EED, which as-
semble in a 1:1:1 stoichiometry [57]. SUZ12 stabilizes PRC2, by interacƟ ng with all subunits 
[65]. The catalyƟ c SET-domain containing subunits EZH1/-2, are lysine methyltransferases 
that are mutually exclusive in the complex [66]. The transcripƟ onal characterisƟ cs of PRC2 
are parƟ ally dictated by which methyltransferase is incorporated, as EZH2 is associated to 
repressed genomic loci and EZH1 is associated to acƟ ve regions [67,68]. In both mouse and 
zebraﬁ sh development EZH2 is associated with early development, while EZH1 is expressed 
at later stages [69–71], which matches the increase of EZH1 levels upon diﬀ erenƟ aƟ on 
[66,67].
PRC variants can be formed by paralogues of core-subunits, as described above. In addiƟ on 
they can also be established by binding of substoichiometric subunits. To date, two main 
variants of PRC2 are described, containing either PHF or JARID, both with the substoichio-
metric subunit RbAp46/48 [53]. PHF-PRC2 is implicated in re-silencing of acƟ ve genes, since 
the PHF family-members can bind to the transcripƟ onal elongaƟ on mark H3K36me3 [72]. 
The JARID-PRC2 containing Jarid2 has been reported to bind GC-rich DNA [73]. InteresƟ ngly, 
a recent study also shows that loss of PHF-containing PRC2 aﬀ ects JARID-containing PRC2 
and vice versa [74,75].
Table 1. List of the most commonly described PcG proteins that have been implicated to be part of PRC1 or PRC2.
D. melanogaster
Homologues & paralogues in 
vertebrates
CharacterisƟ cs
PRC1
Sce
RING1 = RING1A = RNF1
RNF2 = RING1B = RING2
Sex combs extra, Ring ﬁ nger protein, E3-ubiquiƟ n-protein ligase, places the 
H2AK119ub mark
PSc
PCGF1, PCGF4 (BMI1A, B), 
PCGF5A/-B, PCGF6 (MEL18)
Posterior sex comb, forms a dimer with Ring
Pc CBX (HP1ϒ)
Polycomb. Chromobox protein homologue, recognizes H3K27me3
HP1ϒ (CBX3) recognizes H3K9me2/-3
Ph PHC/EDR PolyhomeoƟ c, associated to recruitment and increased enzymaƟ c acƟ vity 
Kdm2 KDM2A/KDM2B recognizes unmethylated DNA, demethylates H3K36me2/-3
PRC2
E(z) EZH1, EZH2 (KMT6)
SET-domain containing methyltransferase, enhancer of zeste homologue, 
methylates H3K27
Esc(-l) EED
Extra Sex Combs, Embryonic Ectoderm development, binds H3K27me3, 
H1K26me3, and H3K9me3
Su(z)12 SUZ12 Suppressor of zeste 12, stabilizes PRC2
Caf1
RBAP48 = RBBP4
RBAP46 = RBBP7
Histone binding protein
Phf PHF, PCL, MTF2 Polycomb like. PHD ﬁ nger protein; enhances chromaƟ n binding
Jarid JARID2 Enhances chromaƟ n binding
Aebp2 AEBP2 Increases enzymaƟ c acƟ vity, recognizes H2AK119ub
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4.1.2 Recruitment of PRCs to the chromaƟ n. The hierarchical model describes a sequen-
Ɵ al recruitment of PcG proteins, in which PRC2 places the H3K27me3 mark that serves 
as a docking staƟ on for PRC1 [76]. However, the overlap in binding sites between PRC1 
and PRC2 components is imperfect, indicaƟ ng that their recruitment and potenƟ al func-
Ɵ on goes beyond this hierarchical model [77,78]. SupporƟ ng this, in Eed knock-out (KO) 
mouse ESC (mESCs) that lack H3K27me3, PRC1 recruitment was retained at most binding 
sites [79]. The diﬀ erent PRC1 variants were also reported to vary in genomic binding and 
only a small subset of PRC1 was found to co-localize with H3K27me3 [58]. In line with a po-
tenƟ al recruitment mechanism of PRC1 outside the canonical model, a study showed that 
the chromodomain of CBX, which recognizes H3K27me3, had liƩ le eﬀ ect on the chromaƟ n 
distribuƟ on of CBX-PRC1 [80]. These observaƟ ons strongly hint towards the existence of 
an H3K27me3-independent recruitment mechanism of PRC1. AddiƟ onally, it has been pro-
posed that PRC1 plays a role in the recruitment of PRC2 [77,81].
As the core components of PRC1/-2 do not contain any DNA-binding proteins, this suggests 
that binding of the complex to the chromaƟ n is indirect. ChromaƟ n associaƟ on could occur 
via binding of substoichiometric PRC subunits to DNA or to histone modiﬁ caƟ ons [82]. Al-
ternaƟ vely, PcG binding to DNA can be established by the recruitment of PcG proteins via 
transcripƟ on factors [83,84] and via (non-)coding RNAs. In this secƟ on diﬀ erent PcG recruit-
ment mechanisms proposed so far will be discussed.
DNA sequences. In Drosophila, PRC2 is recruited to speciﬁ c DNA sequences, so-called Poly-
comb response elements (PREs) [85]. These few-hundred base pair long sequences are of-
ten close to the transcripƟ on start site, but can also be kilobases away from the promoter 
[86]. H3K27me3 is proposed as one of the mechanisms that mediate looping between the 
PREs and the promoter regions [53]. The PREs loop to the target gene to iniƟ ate transcrip-
Ɵ onal repression by bridging the PcG proteins to the target genes and the PREs also contain 
binding moƟ fs for various transcripƟ on factors [86]. No such wide-spread DNA-sequences 
have been reported in vertebrates, only two PRE-like moƟ fs; sequences in the Kreisler gene 
and a in the hoxD gene cluster were detected to be able to recruit PRC subunits [87,88]. Be-
sides Kreisler and hoxD cluster recruitment sequences, some transcripƟ on factor (TF) bind-
ing moƟ fs were idenƟ ﬁ ed to be predicƟ ve for PcG binding. Especially TFs that are associated 
to early development and expressed in ESC are known PcG targets and are decorated by 
H3K27me3 [84,89,90]. Such TFs are highly dynamic and need Ɵ ght regulaƟ on, which can be 
established by PcG-mediated repression during development. InvesƟ gaƟ ng DNA sequence 
moƟ fs in correlaƟ on to PcG recruitment in vertebrates is sƟ ll a hot topic in the ﬁ eld of Poly-
comb biology.
TranscripƟ on Factors and their binding sites. In addiƟ on to the suggesƟ on that TF binding 
moƟ fs serve as a docking staƟ on for PcG proteins, the posiƟ ve correlaƟ on of TF binding 
moƟ fs has also led to the suggesƟ on that these TFs themselves could be PcG protein recruit-
ers. However, in Drosophila these TFs were also found to be enriched outside PcG-domains 
[91], reducing the likelihood that they act as PcG recruiters. Nevertheless, with the use of 
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human cell line data, TF binding of a subset of TFs has been reported to be predicƟ ve for 
PcG presence at the chromaƟ n [84]. The top predictor for H3K27me3 is transcripƟ on factor 
12 (TCF12), which was also reported to interact with Ezh2 [83,84]. AddiƟ onally, the TF REST 
and TFs of the SNAIL-family have been linked to H3K27me3 recruitment [92].
ChromaƟ n state. PRC2 plays an important role in the maintenance of gene repression rather 
than iniƟ aƟ on of gene repression. Thereby, transcripƟ on ﬁ rst needs to be stopped before 
H3K27me3 can be deposited [93]. Findings in line with this hypothesis show that the chro-
maƟ n needs to be in an inacƟ ve state before PRC2 can bind. In general, PcG proteins are 
recruited to CpG islands that are free of nucleosomes [94], which are high-density regions 
where CpG dinucleoƟ des cluster together [95] . This inacƟ ve state of the chromaƟ n is main-
tained through PRC2-mediated H3K27me3 [96]. In addiƟ on to the nucleosome density, the 
chromaƟ n state is also determined by the status of DNA methylaƟ on. ChromaƟ n regions 
that are reported to have a high aﬃ  nity for PRC1/-2 binding are subsets of CpG islands that 
are depleted from 5-methylcytosines and transcripƟ on acƟ vators [89,97–99]. Combined, 
the CpG richness, DNA methylaƟ on status, presence of transcripƟ onal acƟ vators, and the 
nucleosome density correlate with localizaƟ on of PcG proteins. Especially, the importance 
of the CpG islands was shown, as they possessed the capacity to exogenously recruit PRC2 
when inserted in the genome of mESC [97].
Histone modiﬁ caƟ ons. In addiƟ on, PcG recruitment and maintenance of Polycomb-
domains are dependent on pre-exisƟ ng histone modiﬁ caƟ ons [100]. For example, H3K27me3 
is maintained and spread upon binding of EED to H3K27me3, which subsequently results in 
the recruitment of the other subunits and addiƟ onal H3K27me3 deposiƟ on [101]. With its 
WD40-domain EED can not only recognize H3K27me3, but also H1K26me3 and H3K9me3. 
H3K9me3 and H3K27me3 are both associated to inacƟ ve promoters and are posiƟ vely cor-
related with each other [101], while epigeneƟ c marks that are associated to acƟ ve tran-
scripƟ on are considered to repress PRC2 recruitment [100]. For example, in Drosophila it 
has been shown that H3K4me3 and H3K36me3 are negaƟ vely correlated to H3K27me3 
deposiƟ on. These two marks are both placed by the Trithorax Group (TrxG) proteins Trx and 
Ash in Drosophila and inhibit PcG repression [46–48]. This negaƟ ve correlaƟ on between 
H3K27me3 and H3K36me3 has also been observed in human cells and indicates that PRC2 
acƟ vity can be repressed by H3K36me3 [102].
Substoichiometric PRC1 subunits. One of the non-canonical PRC1 variants in mammals is 
formed by binding of KDM2A or KDM2B to the RING1/PCGF dimer. KDM2A/-B have a CxxC 
domain, which recognizes unmethylated DNA and this is followed by PRC1 recruitment, re-
sulƟ ng in H2AK119 ubiquiƟ naƟ on and successive PRC2 recruitment to ulƟ mately induce 
stable gene expression [77,82,103]. However, in vertebrates KDM2B has many biological 
roles independent of PRC1, making it diﬃ  cult to determine the role of non-canonical PRC1 
with KDM2B [53].
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Substoichiometric PRC2 components. AEBP2 and JARID2, two substoichiometric PRC2 
subunits, have been implicated in enhancing PRC2 recruitment, as they can recognize 
H2AK119ub and bind to GC-rich loci [81,104,105]. However, loss of AEBP2 does not aﬀ ect 
SUZ12 chromaƟ n binding, making AEBP2 a poor candidate as PRC2-recruiter [104]. By now, 
mulƟ ple studies have indicated that PRC2-components can recognize H2AK119ub, thereby 
underlining the existence of an H2AK119ub-dependent recruitment mechanism of PRC2 
[77,81,105,106].
Members of the vertebrate Polycomb-like (PCL) family, are PRC2-substoichiometric proteins 
that contain a Tudor-domain by which the members PHF1 and PHF19 can recognize the 
acƟ ve mark H3K36me3 [100,107]. Unexpectedly, this would link acƟ ve gene transcripƟ on 
to recruitment of PRC2, while a negaƟ ve correlaƟ on between these marks was observed 
in human cells [102,107,108]. The contradicƟ ng results of these studies indicate that more 
research is required to understand the correlaƟ on of H3K27me3 and H3K36me3, especially 
in an in vivo seƫ  ng.
Another member of this PCL family, Mƞ 2, was also recently reported to act as a PRC2 re-
cruiter [74,75]. This substoichiometric PRC2 subunit binds DNA that has a high unmethylat-
ed CpG density. An addiƟ onal feature that was found to be important is the DNA shape: a 
reduced helix twist is targeted by MTF2 to recruit PRC2 components [74,75]. The DNA shape 
was already implied in predicƟ on of TF binding, and with this recent ﬁ nding it can be added 
to the long list of variants that play a role in PcG binding to the chromaƟ n and subsequent 
the formaƟ on of large domains covered with H3K27me3, oŌ en referred to as Polycomb 
domains [74,75,109].
RNA-mediated PcG recruitment. The last recruitment mechanism that will be discussed in 
this introducƟ on is RNA-mediated recruitment. PRC2 recruitment is negaƟ vely correlated 
to acƟ ve transcripƟ on, potenƟ ally due to the presence of TrxG proteins and acƟ ve marks 
[46–48]. AddiƟ onally, PRC2 is reported to be able to associate with a vast number of RNA 
molecules in a non-speciﬁ c manner [110]. RNAs transcribed at acƟ ve genes are suggested 
to compete with linker-DNA for binding to PRC2, thereby inhibiƟ ng the associaƟ on of PRC2 
with nucleosomes as this requires linker-DNA. Because RNA has a higher aﬃ  nity for PRC2 
than linker-DNA, linker-DNA cannot bind PRC2 in the presence of RNA [111]. Upon RNA 
binding, PRC2 will be shuƩ led away from the chromaƟ n, providing an explanaƟ on why no 
H3K27me3 is deposited at acƟ ve genes [111]. If RNAs are degraded in an arƟ ﬁ cial seƫ  ng, 
and no RNAs are compeƟ ng with linker-DNA for PRC2 binding, H3K27me3 is deposited. This 
mechanism could act as a fast switch between acƟ ve and inacƟ ve PRC2 [112]. This was also 
clear from a study using mESCs that demonstrated that inhibiƟ on of RNA Pol II resulted in 
ectopic deposiƟ on of H3K27me3 [94].
In contrast to the inhibiƟ ng eﬀ ect of nonspeciﬁ c RNAs to the funcƟ onality of PRC2, two 
speciﬁ c RNAs are reported to bind PRC2 and potenƟ ally recruit it by interacƟ on with dif-
ferent residues than the linker-DNA binding domain. These RNAs are the HOTAIR ncRNA, 
which is transcribed from the hoxC gene cluster and is associated to hoxD gene silencing 
and the A-repeat (RepA) of Xist ncRNA, which is involved in X-chromosome inacƟ vaƟ on 
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[100,113,114]. Both the RNA structure and an PRC2-binding moƟ f have been implicated in 
vitro to act as important determinants for PRC2-binding [115], and RNA binding moƟ fs in 
PcG proteins have also been idenƟ ﬁ ed in CaenorhabdiƟ s elegans [116]. Sequence analyses 
indicated that these domains are conserved among species, suggesƟ ng that RNA binding is 
an evoluƟ onarily conserved mechanism that inﬂ uences PcG binding [116].
Overall, many factors seem to be able to play a role in PcG recruitment and the current view 
suggests it is an interplay between the CpG density of the loci, preexisƟ ng DNA methyla-
Ɵ on state, presence of TF binding moƟ fs, presence of TFs themselves, shape of the DNA, 
and presence of other histone marks. The implicaƟ on that PRC1 and PRC2 also aﬀ ect each 
other’s recruitment makes studies on individual complexes and their binding mechanisms 
challenging.
4.1.3 The mode of acƟ on by which PcG proteins mediate transcripƟ on silencing. 
MulƟ ple modes of acƟ on of PRC1 have been reported that all result in transcripƟ onal re-
pression. One of them is direct inhibiƟ on of RNA Pol II elongaƟ on by phosphorylaƟ ng Serine 
5 [117]. Switching between this Serine 5 phosphorylated conﬁ guraƟ on of Pol II and the Ser-
ine 2 phosphorylated conﬁ guraƟ on, of which the laƩ er is associated with acƟ ve transcrip-
Ɵ on, provides a dynamic and fast mechanism to regulate gene expression [117].
AddiƟ onally, PRC1 was shown to induce compacƟ on of nucleosomes [118], which was found 
to not rely on the enzymaƟ c funcƟ on of Rnf2 [119]. The exact underlying mechanism is not 
yet known, however it is suggested that PRC1 can act downstream of RNA Pol II binding 
[119].
Binding of substoichiometric subunits can also enhance the transcripƟ onal silencing, as es-
tablished by PRC1. For example, the non-canonical PRC1 subunits KDM2A/-B have been 
idenƟ ﬁ ed in mammals to remove H3K36me2 and H3K27me3, thereby changing the chroma-
Ɵ n into an inacƟ ve state, making it more suscepƟ ble for PcG binding [53].
One of the key mechanisms by which PRC2 represses gene expression is by its trimethyl-
transferase acƟ vity, which antagonizes the H3K27ac mark. H3K27ac loosens the chromaƟ n 
structure, which allows for gene acƟ vaƟ on; H3K27me3 prevents this structural change be-
cause H3K27me3 and H3K27ac cannot co-exist on the same residue [120]. This methyltrans-
ferase acƟ vity of PRC2 is directly inhibited by acƟ ve marks, like H3K4me3 and H3K36me2/-3, 
whilst H3K27me2/-3 enhance PRC2 its catalyƟ c acƟ vity, all in an allosteric manner [48,53].
Likely, the mode of acƟ on of PRC2 extends beyond its catalyƟ c acƟ ve funcƟ on, as PRC2-Ezh1 
was found to have only a weak methyltransferase acƟ vity, but acts as a potent repressor by 
directly compacƟ ng chromaƟ n both in vivo and in vitro [121].
Similar to PRC1, also substoichiometric PRC2 subunits can aﬀ ect the transcripƟ onal repres-
sion established by the complex. For example the PRC2-subunit PHF1 is reported to recruit 
an H3K36me3 demethylase, thereby enhancing gene repression [72]. Within the same pro-
tein family, PHF1 was found to prolong the docking Ɵ me of PRC2, thereby increasing the 
change of the deposiƟ on of the trimethyl mark on H3K27 [108].
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In addiƟ on, H3K27me3 as placed by PRC2, recruits PRC1, which has mulƟ ple modes of ac-
Ɵ on including the deposiƟ on of H2AK119ub. The acƟ vity of PRC1 and PRC2 together results 
in transcripƟ onal repression by aﬀ ecƟ ng chromaƟ n accessibility and the transcripƟ on ma-
chinery [117–119].
4.2 in vivo studies of chromaƟ n modiﬁ caƟ ons and PRC1 and PRC2 funcƟ on
During development cell type-speciﬁ c changes at the epigeneƟ c level are required to allow 
for the formaƟ on of diﬀ erent lineages. Especially aŌ er zygoƟ c genome acƟ vaƟ on (ZGA), 
epigeneƟ c marks at developmental regulatory genes show a dramaƟ c increase [122,123]. 
Both H3K27me3 and H3K4me3 are highly abundant aŌ er ZGA and it was suggested that 
these marks can co-occur at gene promoters during early zebraﬁ sh development [42]. Be-
sides epigeneƟ c modiﬁ caƟ ons of the histones, DNA methylaƟ on is described to be import-
ant in early development [124]. DNA methylaƟ on has a repressive eﬀ ect on transcripƟ on, 
and in developing zebraﬁ sh it is undetectable before ZGA, whilst at 5 dpf around 80% of the 
CpGs are methylated [124]. Prior to ZGA, the methylaƟ on paƩ ern of the maternal genome 
is reprogrammed to the paternal genome, potenƟ ally in order to allow developmental pro-
gression of a toƟ potent zygote [125]. These studies show that the epigeneƟ c state is highly 
dynamic during development and needs to correctly instruct gene expression, to allow for 
proper development [32]. These ﬁ ndings in zebraﬁ sh convey general mechanisms, since 
also for example early aberrant changes in the mouse epigenome were reported to have 
detrimental eﬀ ects during later stages of life [126].
4.2.1 PcG proteins during development. Early development is highly dynamic and requires 
extremely Ɵ ght control of cell fate speciﬁ caƟ on and maintenance where deregulaƟ on could 
lead to developmental malformaƟ ons or lethality. This control regulates the Ɵ ght balance 
between the development of diﬀ erent cell types and the balance between self-renewal and 
diﬀ erenƟ aƟ on of stem cells. This process can be best studied in an in vivo system, as the 
disrupƟ on of an epigeneƟ c mechanism aﬀ ects all cell types and the combinaƟ on of all these 
cells is present in a model organism. Due to early embryonic lethality in mammals, it has 
been very diﬃ  cult to assess the role of PcG proteins in a vertebrate system during develop-
ment. The zebraﬁ sh model system oﬀ ers ample opportuniƟ es when studying the role of PcG 
proteins in development, because zebraﬁ sh PcG mutants survive gastrulaƟ on and undergo 
Ɵ ssue speciﬁ caƟ on. Since I have used zebraﬁ sh in the experiments described in this thesis, I 
present an overview of in vivo data obtained by studying PcG mutants. 
PcG genes were ﬁ rst idenƟ ﬁ ed in Drosophila, where PcG mutaƟ ons were found to result in 
in re-arrangements in body paƩ erning because of homeoƟ c gene derepression of the Hox 
cluster. These segmentaƟ on defects are visible as homeoƟ c transformaƟ ons along the ante-
rior-posterior axis [52,55]. In general, using non-vertebrate model organisms has been very 
popular in developmental biology because of their short generaƟ on Ɵ me and well charac-
terized geneƟ c toolbox. In parƟ cular, C. elegans and Drosophila are widely used to study PcG 
funcƟ oning in vivo [55,127]. For example, the lack of the catalyƟ c subunit of PRC2, results in 
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Drosophila in homeoƟ c transformaƟ ons and embryonic lethality [128]. Though results from 
these models were very fruiƞ ul and insighƞ ul, a vertebrate system is preferred to be able 
to make the translaƟ on to a putaƟ ve funcƟ on of PcG proteins in human. For instance, mice 
have the advantage that many processes are conserved between them and human, and 
many studies made use of PcG disrupƟ on in this model organism. In addiƟ on to the mouse 
model I will introduce the ﬁ ndings using zebraﬁ sh mutant embryos for rnf2, pcgf1, and ezh2, 
which survive gastrulaƟ on, making it possible to study the role of these PcG proteins in vivo 
[129–131].
One of the main PcG protein complexes that is studied in this thesis (chapter 3) is PRC1 and 
its enzymaƟ c subunit can be RING1 (RING1A) or RNF2 (RING1B) [132]. Both heterozygous 
and homozygous Ring1 mutant mice were shown to be viable with a classical PcG phenotype: 
homeoƟ c transformaƟ on and skeletal defects [133]. Similarly, diminished Rnf2 enzymaƟ c 
acƟ vity, caused by a hypomorphic mutaƟ on of Rnf2, results in posterior homeoƟ c transfor-
maƟ ons of the axial skeleton during mouse development [134]. In contrast to RING1B, the 
loss of RNF2 is more severe and results in lethality during gastrulaƟ on [135]. This suggests a 
signiﬁ cant diﬀ erence in the role of RING1 and RNF2 in de development. Zebraﬁ sh have only 
one RING1 homologue, Rnf2, and rnf2 mutants were described to die around 4-5 days post 
ferƟ lizaƟ on (dpf) [130]. They lack pectoral ﬁ ns, likely due defects in terminal diﬀ erenƟ aƟ on 
induced by interference in Fgf-signaling [130]. Moreover, these embryos were found to have 
diﬀ erenƟ aƟ on defects of the cranial neural crest (CNC) cells into chondrocytes, resulƟ ng in 
carƟ lage malformaƟ ons in the head [9]. InteresƟ ngly, rnf2 mutant zebraﬁ sh survive gastru-
laƟ on in contrast to mouse Rnf2 KO. Early development of rnf2 mutants is likely rescued by 
maternal contribuƟ on of Rnf2 mRNA and protein [130], which is expected to be degraded at 
MBT, which takes place around the 1,000 cells stage. In mice MBT takes place much earlier 
compared to zebraﬁ sh, already at the 2-cell stage, possibly explaining the phenotypic diﬀ er-
ences observed between mice and zebraﬁ sh upon the loss of Rnf2 [136].
The core of PRC1 contains the RING1/PCGF dimer. From the Pcgf family, six members have 
been idenƟ ﬁ ed, of which some are also duplicated in zebraﬁ sh. Of the Pcgf-family MEL18, 
BMI1, and PCGF6 have been studied in mouse, and loss of these proteins resulted in defects 
in segmentaƟ on along the anterior-posterior-axis of the skeleton [137,138]. Of this same 
protein family, Pcgf1 has been studied in zebraﬁ sh and a link to cell proliferaƟ on during ear-
ly development was reported [131]. Loss Pcgf1 does not result in lethality, which suggests 
that Pcgf proteins funcƟ on redundantly to some extent. The majority of studies about the 
role of PcG proteins in vivo have been conducted in mouse, which is also the case for the 
PCGF-family members, as so far only one mutant is studied in zebraﬁ sh.
The Ring/Pcgf dimer can be bound by a CBX-family member, to form canonical PRC1. Many 
CBX family members are idenƟ ﬁ ed and in mice, mutaƟ ons in Cbx2 and -4, result in post-natal 
lethality [137]. Tissue speciﬁ cally, the loss of CBX2 in mouse hematopoieƟ c stem cells (HSCs) 
results in lineage speciﬁ caƟ on defects, increased apoptosis, defects in self-renewal, and re-
duced proliferaƟ on [137]. Also CBX4 has been associated to organ development in mouse, 
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in speciﬁ c to thymic epithelium proliferaƟ on and maintenance [137]. InteresƟ ngly, CBX7 
and CBX8 proteins were idenƟ ﬁ ed to have opposing funcƟ ons in homeostasis of HSCs; they 
are expressed in a stage-speciﬁ c manner during HSC diﬀ erenƟ aƟ on where CBX7 represses 
lineage speciﬁ c genes in HSCs whilst CBX8 represses stem cell self-renewal genes in diﬀ er-
enƟ aƟ ng progenitor cells [139]. Thus, diﬀ erent CBX family members were shown to have 
disƟ nct characterisƟ cs, further complexing the studies on PRC1. 
In addiƟ on, KDM2B is part of one of the non-canonical PRC1 variants and mice mutant for 
Kdm2b were found to show neuronal defects [137]. As KDM2B also has funcƟ ons indepen-
dent of PRC1, it is diﬃ  cult to assess whether neuronal defects are due to the loss of PRC1-
KDM2B or to the loss of KDM2B outside the PRC1 assembly.
In general, loss or a diminished funcƟ on of PRC1 is associated to maintenance defects during 
development.
The role of PRC2 has also been extensively studied in vivo. The core of PRC2 was found to 
be essenƟ al for mouse embryonic development, as mouse KO embryos for EZH2, EED, and 
SUZ12 all displayed pre-gastrulaƟ on lethality [140–142]. Other recent studies using intes-
Ɵ ne-speciﬁ c PRC2 KO mice reported a dramaƟ c eﬀ ect on cell fate determinaƟ on and imbal-
ance of lineage diﬀ erenƟ aƟ on, leading to accumulaƟ on of secretory cells and decreased en-
terocytes [143,144]. Whereas in mice loss of the PRC2 catalyƟ c subunits results in lethality, 
zebraﬁ sh zygoƟ c ezh2 mutants were shown to die only around 11 dpf displaying intesƟ nal 
defects [129]. Likely, early phenotypes upon loss of Ezh2 are rescued in zebraﬁ sh by the 
maternal contribuƟ on of Ezh2 mRNA and protein [70,136].
As discussed in secƟ on 4.1.1, mulƟ ple substoichiometric subunits of PRC2 have been iden-
Ɵ ﬁ ed an in mice, and the loss of the PRC2-subunit JARID2 was shown to cause neuronal de-
fects, whilst the loss of the PRC2-subunit MTF2 does not aﬀ ect mouse development [137].
Overall, early embryonic lethality is a commonly observed phenotype when studying the 
role of core PRC components, which indicates the crucial role of PRCs during development. 
As PcG proteins promote self-renewal and maintenance of the progenitor cells and prevent 
incorrect diﬀ erenƟ aƟ on, their loss will have detrimental eﬀ ects [137,145,146]. This was 
shown by studies that report an important role for PcG proteins in terminal diﬀ erenƟ aƟ on 
and maintenance of cell idenƟ ty in the epidermis, kidneys, and reƟ na, combined suggesƟ ng 
a wide-spread funcƟ on of PcG proteins important for all germ layers [9,137,145,146].
As within this thesis PcG proteins in the zebraﬁ sh germ line and the zebraﬁ sh embryonic 
heart are studied in more detail, I will give an overview of studies that show the importance 
of PcG proteins in the germ line and heart in vivo and in vitro. 
4.2.2 PcG proteins in the germ line. The germ line is crucial for species propagaƟ on and 
maintaining cell idenƟ ty of these highly specialized, yet extremely dynamic, germ cells is 
therefore very important. During germ line development the primordial germ cells have to 
undergo epigeneƟ c reprogramming, which includes the acƟ vaƟ on of a criƟ cal set of genes 
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involved in gamete generaƟ on and meiosis [147,148]. The primordial germ cells give rise to 
the gametes, which reside together with supporƟ ve cells in the germ line.
The formaƟ on of the mouse germ line was idenƟ ﬁ ed to be highly dependent on the PRC1 
catalyƟ c subunits RING1 and RNF2, as they are required for maintenance of pluripotency 
gene expression in germ cells between days 10.5 and 11.5 of gestaƟ on [149]. Once the 
germ line is established, PRC1 was shown to be crucial in the Drosophila ovary, as its loss 
was found to have detrimental eﬀ ects on Ɵ ssue integrity, even resulƟ ng in tumor formaƟ on 
[150]. Such a crucial role of PRC1 in proper Ɵ ssue maintenance and funcƟ on in the germ 
line is also idenƟ ﬁ ed in mammals, as double KO RING1/RNF2 mouse oocytes show aberrant 
gene expression in their maternal load [151].
In addiƟ on to the female germline, it was also described that PRC1 is involved in the male 
germline. A study shows that mice deﬁ cient for BMI1, a PRC1 subunit of the PCGF family, dis-
play amongst others defects in testosterone synthesis, germ cell proliferaƟ on, and increased 
germ cell apoptosis, together resulƟ ng in inferƟ lity [152]. Spermatogenesis takes place in 
the male germ line and PRC1 has been idenƟ ﬁ ed to be involved in Ɵ mely acƟ vaƟ on of the 
TF SALL4, a TF essenƟ al for spermatogenic diﬀ erenƟ aƟ on [153]. AddiƟ onally, the germ line 
speciﬁ c PRC1 variant, SCML2-PRC1, was reported to be essenƟ al for male ferƟ lity in mouse. 
This PRC1 variant represses somaƟ c and progenitor genes, encoded on autosomal chro-
mosomes. In contrast to the autosomal chromosomes, the sex chromosomes have to stay 
devoid of H2AK119ub, as they are required for male reproducƟ on, and SCML2 was found 
to also be essenƟ al for this [154]. Removing H2AK119ub by SCML2 is likely established by 
assembly of SCML2 in complexes other than PRC1 [154].
Combined, these studies highlight the importance of a funcƟ onal PcG-mediated repression 
in the germ line, independent of the gender.
In addiƟ on to PRC1, PRC2 has also been idenƟ ﬁ ed to be an important player in the germ 
line. DNA methylaƟ on and H3K27me3 are two important mechanisms to Ɵ ghtly regulate 
gene expression. Since during the development of the mouse germ line DNA methylaƟ on 
is reduced, Ezh2-mediated H3K27me3 is thought to be the main repressive mechanism re-
sponsible for epigeneƟ c reprogramming, which is highlighted by the observaƟ on of PRC2 
aggregates in the nucleus of mouse fetal germ cells [155].
Not only the development of the germ line, but also the maturaƟ on of the sperm and 
oocytes, gametogenesis, was shown to rely on PRC2-mediated repression [156]. To start 
with the ﬁ ndings in invertebrates, a study on the funcƟ on of PRC2 during gametogenesis 
in C. elegans has revealed that PRC2-mutants display germ line degeneraƟ on and sterility 
[157,158]. In Drosophila, PRC2 was also shown to be required for cell idenƟ ty maintenance, 
as during the early meioƟ c cycle of E(z) (orthologue of Ezh2) mutant oocytes transdiﬀ er-
enƟ ated into nurse cells, displayed polyploidizaƟ on, and de-repression of cell cycle genes 
[10]. These observaƟ ons have led to the conclusion that cell fate relies on the presence of 
the H3K27me3 mark in the germ line and thereby the acƟ vity of PRC2 in invertebrates [10]. 
Such an important role for PRC2 has also been idenƟ ﬁ ed within the vertebrate germ line, 
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since homeostasis and diﬀ erenƟ aƟ on is disrupted in mouse spermatogenesis upon loss of 
PRC2 (EED and SUZ12).The proposed mechanism is that PRC2 regulates the meioƟ c tran-
scripƟ onal program, in order to allow for progression of meiosis [156]. InteresƟ ngly, during 
mouse spermatogenesis also EZH1 has been shown to repress somaƟ c and certain meioƟ c 
genes in an H3K27me3-dependent fashion. This observaƟ on links EZH1 to proliferaƟ ng stem 
cells, whilst it is usually mainly thought to be expressed in diﬀ erenƟ ated cells [159]. The 
importance of EZH2 in the homeostasis of the germ line was not only detected in vivo, but 
also when spermatogonial stem cells were depleted from EZH2 and cultured in vitro. This 
resulted in a skewed balance between self-renewal and diﬀ erenƟ aƟ on with increased lev-
els of apoptosis [160]. Together, these ﬁ ndings suggest that PcG proteins are important in 
maintenance of Ɵ ssues by dictaƟ ng the balance between self-renewal and diﬀ erenƟ aƟ on.
4.2.3 PcG proteins in the heart. In chapter 3 and 4 of this thesis, zebraﬁ sh mutant embryos 
are described that display heart malformaƟ ons upon loss of ezh2 or rnf2. Therefore, the 
hearts of these mutants have been analyzed in more detail and I will here present a short 
overview of how epigeneƟ cs, and in parƟ cular PcG proteins, are involved in heart develop-
ment and maintenance.
To date, no roles of PRC1 have been reported during heart development, though in vitro 
assays suggested it could play a role. For instance, in in vitro diﬀ erenƟ aƟ on assay in which 
mouse ﬁ broblast were reprogrammed into cardiomyocytes, a PRC1 subunit of the PCGF-
family member, BMI1, has been idenƟ ﬁ ed to act as a barrier to cardiac reprogramming 
[161]. In a similar screen, MEL18, another PCGF-family member, was found to have a tran-
scripƟ onal repressive eﬀ ect on pluripotency genes, but also acƟ vates transcripƟ on factors 
involved in diﬀ erenƟ aƟ on [162]. Surprisingly, upon the mutaƟ on of MEL18 or BMI1 no car-
diac phenotypes have been reported in vivo [163,164]. Combined, this shows the necessity 
for in vivo experiments to complement in vitro screens.
In contrast to the PRC1-subunits, subunits of PRC2 have been more widely studied in heart 
development, with special focus on its catalyƟ c subunit EZH2. The loss of EZH2 in nkx2.5 
posiƟ ve cardiomyocytes in mouse results in ventricular septal defects, hypertrabeculaƟ on, 
and compact myocardial hyperplasia [165]. The proposed underlying mechanism is that 
upon EZH2 KO cell cycle inhibitors are upregulated and genes of inappropriate transcripƟ on-
al programs are de-repressed, resulƟ ng in decreased cardiomyocyte proliferaƟ on and unor-
ganized diﬀ erenƟ aƟ on [165]. Similar phenotypes have also been observed upon KO of one 
of the other PRC2 core subunits EED, resulƟ ng in proliferaƟ on defects [165]. InteresƟ ngly, 
EED was found to be important during all stages of heart development, in contrast to EZH2, 
which appears to be only crucial for early cardiac developmental stages [165]. Therefore, it 
has been hypothesized that EZH1 can funcƟ on redundantly at later stages [165]. Redundan-
cy was also shown in a more recent publicaƟ on in which EZH1 and EZH2 were disrupted at 
diﬀ erent stages of cardiomyocyte diﬀ erenƟ aƟ on in mouse development. In diﬀ erenƟ ated 
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cardiomyocytes, the ablaƟ on of EZH1 or EZH2 alone did not aﬀ ect heart development in 
prenatal embryos, but double KOs displayed lethal heart malformaƟ ons [166].
A potenƟ al funcƟ on of EZH2 in the heart does not seem to only rely on its canonical funcƟ on 
to trimethylate H3K27, since EZH2 was shown to methylate the cardiac transcripƟ on factor 
GATA4 in mice [167]. This results in inhibiƟ on of this TF, as a consequence GATA4 can no 
longer interact with p300, which is required for the acƟ vaƟ on of the GATA4 target genes 
[167]. The interacƟ on of EZH2 with GATA4 could potenƟ ally be mediated by the PRC2-sub-
unit JARID2 [167], linking both EZH2 and JARID2 to repression of the cardiac transcripƟ on 
machinery.
Another important TF in cardiac development is ISL1 and the levels of this TF were found to 
be upregulated upon KO of the core PRC2-subunits EED and EZH2 and the substoichiometric 
PRC2-subunit JARID2 [165,168]. In the wildtype situaƟ on JARID2 represses the expression 
of Isl1 in the myocard, as this TF is involved in neuronal diﬀ erenƟ aƟ on and the formaƟ on of 
the conducƟ ve Ɵ ssue in the heart. When JARID2 is lost during early stages of mouse cardiac 
diﬀ erenƟ aƟ on, it results in cardiac malformaƟ ons such as ventricular septal defects, thin 
myocardium, and hypertrabeculaƟ on. InteresƟ ngly, when JARID2 is lost in diﬀ erenƟ ated 
cardiomyocytes, no eﬀ ect on heart development is observed [168]. These observaƟ ons led 
to the conclusions that loss of JARID2 disrupts the proper establishment of the epigeneƟ c 
landscape in cardiac progenitors and addiƟ onally it was found that JARID2 enhances the 
methyltransferase acƟ vity of EZH2, combined resulƟ ng in severely impaired cardiac diﬀ er-
enƟ aƟ on upon JARID2 KO [73,168].
In addiƟ on to being described to be Polycomb-regulated, ISL1 was recently reported to have 
an antagonizing eﬀ ect on H3K27me3 at enhancers in embryonic stem cells. ISL1 can inter-
act with an H3K27me3-demethylase (JMJD3) and thereby promote H3K27me3 removal. By 
these means it can acƟ vate the expression of core cardiac transcripƟ on factors, such as 
MyoD and Mef2c. JMJD3 and ISL1 thus enhance cardiac diﬀ erenƟ aƟ on, which was shown to 
be disrupted in the absence of JMJD3 and ISL1, indicaƟ ng the importance of modulaƟ ng the 
epigenome during cardiac diﬀ erenƟ aƟ on in a Ɵ ghtly regulated manner [169].
Taken together, PcG proteins have been a subject of interest in in vivo studies including, but 
not restricted to, those focusing on heart development, which indicated that correct regula-
Ɵ on of gene expression in cardiomyocytes is essenƟ al for proper heart development. PRC1 
and PRC2 both play a role in embryogenesis and PRC2 was shown in vivo to aﬀ ect heart 
development. However, whether PRC1 also has a funcƟ on in the development of the heart 
has not been established in vivo. Using zebraﬁ sh as a model organism, I contributed to more 
insight in the role of PRC1 and PRC2 during (heart) development. The data described in this 
thesis has been used to propose a new mechanism in how PRC1 and PRC2 can be involved 
in maintaining cell idenƟ ty in (heart) development, as their loss results in ectopic expression 
of transcripƟ on factors, which results in aberrant Ɵ ssue maintenance. 
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5. Outline of this thesis
In chapter 1, I have introduced the basics of epigeneƟ cs and its role in development. I have 
given an overview of the current knowledge on zebraﬁ sh development with a focus on germ 
line and heart development and I gave an introducƟ on to epigeneƟ c mechanisms regulated 
by Polycomb group proteins.
In chapter 2, we characterized the expression paƩ ern of a selecƟ on of PcG genes in diﬀ erent 
stages throughout the life cycle of the zebraﬁ sh. We found enrichment of gene expression 
levels for a number of PcG genes in the adult germ line when compared to somaƟ c Ɵ ssues. 
The follow-up analyses characterized the spaƟ o-temporal expression of a selecƟ on of PcG 
genes throughout male and female gametogenesis. The last stage of oogenesis is the egg 
that upon ferƟ lizaƟ on forms a zygote to grow into a new organism. We found that the ma-
jority of the PcG genes we tested are already present at the zygote stage, thereby showing 
that these transcripts are maternally loaded. The embryo starts to transcribe its own ge-
nome around 3.3 hours post ferƟ lizaƟ on (hpf), and at 50% epiboly (5.3 hpf) we observe zy-
goƟ c ubiquitous expression of the genes that are also maternally loaded. Later in embryonic 
development the expression of the PcG genes becomes spaƟ ally restricted. Since we focus 
on the life cycle, we took a closer look at the formaƟ on of the germ line, which is crucial 
for propagaƟ on of the species. At 4 weeks post ferƟ lizaƟ on we detected a subset of PcG 
transcripts in diﬀ erent stages of germ line development. Overall, the data provided in this 
chapter is important for the study of PcG genes in zebraﬁ sh development and gives insights 
into the putaƟ ve role of PcG genes in embryonic and germ line development.
In chapter 3 we go more into detail about the funcƟ on of PcG proteins by studying a zebra-
ﬁ sh mutant for the PRC1 subunit Rnf2. Rnf2 is an epigeneƟ c modiﬁ er that represses gene ex-
pression. TranscripƟ onal changes are detected upon the mutaƟ on of rnf2 and upregulaƟ on 
of genes is associated to loss of direct repression by Rnf2. Overall development is aﬀ ected 
upon the rnf2 mutaƟ on and one of the phenotypes is a severe heart defect. Transcriptome 
analyses of single hearts revealed that amongst others three T-box genes (tbx2a, tbx2b; 
tbx3a) are upregulated in rnf2 mutant hearts. AddiƟ onally, these T-box genes are decorated 
by Rnf2 in wildtype zebraﬁ sh, suggesƟ ng a direct eﬀ ect on transcripƟ on. Non-myocardial 
cells of the heart express tbx2a, tbx2b, and tbx3a, where their funcƟ on is repressing myo-
cardial genes, to ensure the formaƟ on of the conducƟ ve system. We observe upregulaƟ on 
of the expression of these T-box genes and downregulaƟ on of chamber marker expression 
in rnf2 mutant hearts and propose that this results in a misbalance of cell types which leads 
to the observed heart developmental defects.
In chapter 4 we studied PRC2 by analyzing maternal zygoƟ c ezh2 (MZezh2) mutant zebra-
ﬁ sh. Ezh2 is responsible for placing the transcripƟ onal repressive H3K27me3 mark. In con-
trast to knockout mice for EZH2, MZezh2 mutant embryos gastrulate seemingly normal, but 
die around 2 dpf displaying pleiotropic phenotypes. Expression analyses suggest that Ezh2 
is important for the maternal loading, as it seems that genes in the adult germ line are not 
Chapter 1
27
General introduction
properly repressed in the absence of Ezh2. Analyses of Ɵ ssues arising later in development, 
such as heart, liver, and pancreas, can be formed but are aﬀ ected in terminal diﬀ erenƟ aƟ on, 
indicaƟ ng that Ezh2 is required for maintenance of diﬀ erenƟ ated cell fates. Our data imply 
that the primary role of Ezh2 is to maintain Ɵ ssues aŌ er iniƟ al speciﬁ caƟ on. Furthermore, 
our work indicates that Ezh2 is essenƟ al to sustain Ɵ ssue integrity and to set up proper ma-
ternal mRNA contribuƟ on.
In chapter 5 we focus on deciphering the molecular mechanisms by which Ezh2 funcƟ ons 
in zebraﬁ sh development. We used maternal zygoƟ c ezh2 (MZezh2) mutant embryos and 
wildtype embryos and performed RNA-seq, proteomics, and ChIP-seq for Ezh2, Rnf2, 
H3K27me3, H3K27ac, and H3K4me3 at 1 dpf. The epigeneƟ c analyses revealed that Ezh2, 
Rnf2, and H3K27me3 are lost in MZezh2 mutants. A general but small increase of H3K4me3 
is detected and within the H3K4me3 peaks we observed a gain on a limited number of loci 
that were previously not bound by H3K4me3. However, the global loss of repressive mark 
H3K27me3 aﬀ ects the transcripƟ on and protein levels of only a limited number of genes or 
in a limited number of cells. Nevertheless, we cannot disƟ nguish between these two pos-
sibiliƟ es, having used bulk RNA-seq and proteomics approaches. Since there is no massive 
gene upregulaƟ on upon the loss of ezh2, this suggests that epigeneƟ c marks by themselves 
are not suﬃ  cient to regulate transcripƟ on, but rather act as an addiƟ onal layer of regula-
Ɵ on. We hypothesize that in the majority of the cells, the transcripƟ on factor network is 
very robust and will not be disturbed upon loss of Ezh2. Expression level analysis by RT-qPCR 
and in situ hybridizaƟ on revealed that ectopic expression of PcG regulated genes occurs in 
the vicinity of normal spaƟ al expression boundaries and that only some genes show a more 
global deregulaƟ on. With this model we give insight in the Ɵ ght regulaƟ on of gene expres-
sion during early zebraﬁ sh development. Based on our observaƟ ons we propose a model 
in which PcG proteins mediate maintenance, rather than establishment of gene repression 
during development.
Finally, in chapter 6, I discuss the research presented in this thesis in the light of literature 
and the recent ﬁ ndings presented in chapter 2-5. 
The four research chapters of my thesis contain the ﬁ ndings of projects that have many 
angles: the use of classical developmental biology, state of the art molecular biology tech-
niques, as well as analyses and interpretaƟ on of next-generaƟ on sequencing (NGS) and pro-
teomics data. Within these diﬀ erent projects I have carried out a wide variety of wet lab 
techniques, such as RNA-seq, ChIP-seq, in situ hybridizaƟ ons, and (light sheet) imaging. Also, 
I contributed to discussions and design of experiments and have been highly involved in the 
interpretaƟ on of NGS data. These four research chapters are manuscripts that are all sent to 
peer-reviewed journals and I have wriƩ en two of these manuscripts (chapter 2 and 3) and 
signiﬁ cantly contributed to the wriƟ ng process of the manuscripts presented in chapter 4 
and 5.
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Abstract
Polycomb Group (PcG) genes are transcripƟ onal repressors that are described to be import-
ant during development and diﬀ erenƟ aƟ on. There is signiﬁ cant interest in PcG proteins be-
cause of their role in stem cell biology and tumorigenesis. In this study we characterize the 
expression of a selecƟ on of PcG genes in the adult germline of zebraﬁ sh and during embryo-
genesis. In adults, expression of selected PcG genes is found to be enriched in germ line over 
somaƟ c Ɵ ssues. Therefore, the germ line of adult zebraﬁ sh was analyzed for the expres-
sion paƩ ern of a selecƟ on of PcG genes by whole mount in situ hybridizaƟ on. We detected 
presence of the tested PcG gene transcripts at early stages of both oogenesis and sper-
matogenesis. This enriched expression for early stages of gametogenesis is also observed in 
developing gonads at 4 and 5 weeks post ferƟ lizaƟ on. AddiƟ onally, zebraﬁ sh embryos were 
used to study the spaƟ o-temporal expression paƩ erns of a selecƟ on of PcG genes during de-
velopment. The PcG genes that we tested are maternally loaded and ubiquitously expressed 
at early developmental stages, except of ezh1. The expression of the PcG genes that were 
assessed becomes enriched anteriorly and is more deﬁ ned during Ɵ ssue speciﬁ caƟ on. The 
data shown here is an important resource for funcƟ onal PcG gene studies in vivo.
IntroducƟ on
Polycomb group (PcG) proteins are important negaƟ ve epigeneƟ c regulators of transcripƟ on 
by modifying histone tails [1]. PcG proteins were ﬁ rst idenƟ ﬁ ed for their role in maintaining 
cell idenƟ ty, thereby determining paƩ erning of Drosophila embryos [2]. In addiƟ on, PcG 
proteins are described to be involved in a plethora of other biological processes, which in-
clude diﬀ erenƟ aƟ on, cell cycle control, X-chromosome inacƟ vaƟ on, and tumorigenesis [3]. 
PcG proteins can assemble in so-called Polycomb Repressive Complexes (PRCs): PRC1 and 
PRC2. PRC2 consists of the core components Eed, Suz12, and Ezh1/2. The PcG proteins Ezh1 
and Ezh2 are mutually exclusive and tri-methylate lysine 27 of histone H3 (H3K27me3). The 
core of PRC1 consists of Ring1A/B, a member of the Pcgf family, a Phc protein, and a Cbx 
protein. PRC1 is recruited to H3K27me3 and places the histone H2A lysine 119 ubiquiƟ na-
Ɵ on mark (H2AK119Ub), which in turn stabilizes the repressive H3K27me3 mark [4–6]. PcG 
proteins and their associated molecular mechanisms by which they regulate transcripƟ on 
are evoluƟ onarily conserved. The zebraﬁ sh genome has undergone genome duplicaƟ on, 
however, over Ɵ me some duplicated genes are lost or have taken a diﬀ erent funcƟ on [5,7,8]. 
The high number of duplicates and even splice-variants of the diﬀ erent homologs can make 
gene funcƟ on analysis a complex manner [5].
RegulaƟ on of gene transcripƟ on by PcG proteins and epigeneƟ c gene regulaƟ on in general 
are dynamic processes that are shown to be important during development of mulƟ ple 
vertebrate systems. For example, in mice Ezh2 and Rnf2 were both found to be essenƟ al for 
embryonic development, since knock-outs were shown to be embryonic lethal [9,10]. This 
early lethality makes it challenging to study the funcƟ on of Ezh2 and Rnf2 in the murine 
system [9,10]. In contrast, zebraﬁ sh PcG mutants are reported to survive gastrulaƟ on and 
serve as a very suitable model to study PcG funcƟ on development [4,11–13]. ZygoƟ c rnf2 ze-
Chapter 2
39
PcG genes during zebrafi sh embryonic and germ line development
braﬁ sh mutants die around 4-5 days post ferƟ lizaƟ on (dpf), showing a range of phenotypes, 
including craniofacial defects, the absence of pectoral ﬁ ns, and moƟ lity problems [13,14]. 
The zygoƟ c pcgf1 zebraﬁ sh mutant ﬁ sh survive unƟ l adulthood, but display growth defects 
and premature aging [4]. Recently, ezh2 zygoƟ c zebraﬁ sh mutants were described to harbor 
intesƟ nal problems and show lethality around 11 dpf [12]. The ezh2 mRNA is maternally 
loaded and maternal zygoƟ c ezh2 (MZezh2) mutants show defects in maintenance of cellu-
lar idenƟ ty and Ɵ ssue integrity and die around 2 dpf [11]. The diﬀ erent Ɵ ming of lethality of 
zygoƟ c ezh2 mutants and MZezh2 mutants indicates the importance of the maternal load 
for proper development.
Though PcG genes are known for their role in embryonic development, less is known about 
their role during gametogenesis. In germ cells, PcG genes are crucial for preservaƟ on of ge-
neƟ c integrity, generaƟ on of geneƟ c diversity, and for transmission of geneƟ c informaƟ on to 
the progeny. In invertebrates such as C.elegans and Drosphila, PRC2 funcƟ on has been stud-
ied during gametogenesis. In C.elegans, mutants for orthologues of PRC2, which are mater-
nal sterile eﬀ ect-2 and -6 (mes-2 and mes-6), show that loss of maternal MES funcƟ on leads 
to germ line degeneraƟ on and sterility [15,16]. Drosophila oocytes lacking E(z) (orthologue 
of Ezh2) were found to transdiﬀ erenƟ ate into nurse cells [17]. This has led to the conclusion 
that cell fate relies on PRC2 funcƟ oning, and on the presence of the H3K27me3 mark in the 
germ line [17]. Recently, it was described that PRC2 plays a role in murine germ line devel-
opment, as PRC2 aggregates in the nucleus of mouse fetal germ cells [18]. During murine 
germ line development DNA methylaƟ on is reduced, and H3K27me3 is the crucial repres-
sive mechanism responsible for epigeneƟ c reprogramming, which relies on Ezh2 funcƟ oning 
[18]. In addiƟ on, PcG proteins were suggested to be involved in vertebrate oogenesis by es-
tablishing developmental competence, since double knockout Ring1/Rnf2 murine oocytes 
show aberrant gene expression detected by changes in the maternal load [19].
Both male and female gametes are produced during the lifeƟ me of zebraﬁ sh. This unique 
characterisƟ c facilitates studying the diﬀ erent stages of oogenesis and spermatogenesis 
during adulthood [20]. During zebraﬁ sh development germ plasm is already present at the 
cleavage furrows of the 2-cell stage embryo. As from the 32-cell stage, germ plasm is found 
in disƟ nct primordial germ cells, which have migrated to the start of the yolk extension by 
1 dpf [21]. One of the genes that is highly expressed in these cells is the germ cell marker 
vasa [22]. Around 4 weeks post ferƟ lizaƟ on zebraﬁ sh sex is determined. Zebraﬁ sh oocytes 
contain maternal mRNA and are externally ferƟ lized and the zygote undergoes rapid cell 
divisions. Around 3.3 hours post ferƟ lizaƟ on (hpf) mid-blastula transiƟ on (MBT) takes place. 
At MBT the zygoƟ c genome is acƟ vated (ZGA) and the maternal mRNA load is degraded. 
Already before MBT epigeneƟ c marks are reported to be present in zebraﬁ sh, albeit at very 
low levels [23]. Especially at ZGA epigeneƟ c marks, including H3K27me3, show a dramaƟ c 
increase at developmental regulatory genes [23].
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To understand the role of the epigenome during embryonic and gonad development, a cru-
cial ﬁ rst step is to enhance the knowledge about PcG gene expression. Current data avail-
able on PcG expression during zebraﬁ sh embryogenesis and gametogenesis is limited. A 
recent publicaƟ on shows the expression levels measured by RNA-sequencing at 18 devel-
opmental Ɵ me points from 1 cell to 5 dpf [24]. This data serves as a useful database, how-
ever lacks spaƟ al informaƟ on. In addiƟ on, the spaƟ al informaƟ on on the expression of PRC 
core-components is incomplete, and oŌ en not available of the same stages of development. 
The gene expression of pcgf family members (pcgf genes, and bmi1a/-b), phc2, and of ezh1 
and ezh2 during early zebraﬁ sh development has already been partly reported [4,6,11,25]. 
However, spaƟ o-temporal data on the remaining PcG genes during embryogenesis is lack-
ing. Also, PcG gene expression in the germ line of zebraﬁ sh is not studied. Importantly, the 
presence of a speciﬁ c RNA transcript can serve as a proxy for the presence in the maternal 
load. Nevertheless, this does not give informaƟ on about the expression and potenƟ al role 
during gametogenesis. In this study, we give an overview of the spaƟ o-temporal expression 
of some of the main PcG genes, which assemble in PRC1 and PRC2. Since zebraﬁ sh serve 
as a unique vertebrate model for studying PcG genes in early development, the expression 
paƩ erns of PcG genes proﬁ les described in this paper are very useful for follow-up studies 
using PcG mutants. Moreover, our results can be used to get a beƩ er insight in the potenƟ al 
role of PcG proteins in germ line development and embryogenesis.
Materials and methods
Zebra ﬁ sh maintenance
Zebraﬁ sh (wildtype strains: AB/Albino/TL) were maintained in water of 27.5°C in a 14/10h light/dark cycle. The 
evening before spawning, one male and one female were placed into a tank with a divider and placed together the 
following morning. Spontaneous spawning occurred when the male and female were put together at the moment 
the light turned on. Embryos were collected and staged according to Kimmel et al. [26]. The zebraﬁ sh experiments 
described in this study were conducted according to the Dutch and European Union guidelines for the handling 
of laboratory animals. The experimental procedures carried out on zebraﬁ sh were reviewed and approved by the 
Utrecht University and Radboud University Animal Experiments CommiƩ ee.
RNA extracƟ on and RT-PCR
Adult ﬁ sh were euthanized with 2-phenoxyethanol (0.1% v/v). Three biological replicates of ovary, testes, tail mus-
cle, and eye were obtained by dissecƟ on [27] and homogenized in TriZol (Ambion). The ZYMO RNA microprep kit 
was used to isolate RNA and treat the samples with DNAseI. cDNA was generated using oligod(T) primers and 
Superscript reverse transcriptase (Promega). RT-qPCR was run on a BioRad machine in three technical replicates 
and the housekeeping gene rsp18 was used as reference gene. As a control a minus reverse transcriptase sample 
for each condiƟ on was tested. 
Probe synthesis for whole mount in situ hybridizaƟ on (WISH)
AnƟ sense RNA probes were in vitro transcribed as described before [4,11]. Plasmids containing PcG genes bmi1a, 
eed, suz12a, phc2a, ezh2, and ezh1 were ordered at Imagen and if needed subcloned in pCS2+, followed by lin-
earizaƟ on and in vitro transcripƟ on using T3, SP6, or T7 RNA polymerase (details in Table 2). AnƟ sense rbbp4 
riboprobe was ampliﬁ ed from cDNA using a forward rbbp4 primer 5’-CAGGCCCTTTAGTGAGGGTTAATTcacactgca-
gaggtcaactg-3’ with a T7 tag (T7 sequence in capitals), and a reverse primer for rbbp4 5’-CAGG TAATACGACTCAC-
TATAGGG-cctgaacctcagtgtctgct-3’ tagged with a T7 polymerase sequence (T7 sequence in capitals). Template cDNA 
was generated by reverse-transcribing RNA which was isolated from adult whole ﬁ sh Ɵ ssue. AŌ er PCR clean-up 
T7 RNA polymerase was used to prepare the RNA probe. The probe is used for WISH shown in Fig 1B, 2, 3, and 4.
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Gene 
name Clone number Plasmid
Accession 
number
restricƟ on 
enzyme for 
linearizaƟ on
poly-
merase
for IVT
Used in 
Figure
ezh2 IRAKp961B17283Q pME18S-FL3
AW175260, 
BC124588, 
AW170898
NotI, NheI SP6 1, 2, 3, 4, 5
eed IRBOp991D1166D pME18S-FL3 CO935796, BC093351 KpnI, XbaI SP6 1, 2, 3, 4, 5
suz12a IRALp962D0460Q pDNR-LIB BC078293, CK679253 EcoRI, SpeI T7 1, 2, 3, 4, 5
phc2a IRAKp961K13101Q pME18S-FL3
AW422704, 
BC044345, 
AW343587
BamHI T3 1, 2, 3, 4, 5
rnf2 IRBOp991A1115D pME18S-FL3
BF157635, 
BC044472, 
BG302967
HindIII T7 1
bmi1a IRBOp991C0922D pME18S-FL3
BC049423, 
BM957934, 
BM958248
BamHI, EcoRV T3 1, 4, 5
pcfg6 IRAKp961I23304Q pExpress-1 EE326287, BC139554 EcoRI T7 4
ezh1 IRBOp991F1276D pExpress-1 CN509434, BC114282 XhoI, BamHI SP6 1, 2, 3, 4
pcgf1 n.a. SPT18 BC134012.1 NarI T7 1
pcgf5a n.a. SPT19 BC163687.1 HindIII T7 1
pcgf5b n.a. SPT20 BC116619.1 NarI T7 1
IVT: in vitro transcripƟ on, n.a: not applicable
 sequence forward primer (5’ – 3’) sequence reverse primer  (5’ – 3’)
ezh2 AAATCGGAGAAGGGTCCTGT TCTGTTGGAGCTGAACATGC
eed ATCTGGTACATGCGCTTCTC GGTGGTGCACTTTGCTTTAT
suz12a GCATGACCACCAGAGATACC CAGGGCTCTCCTCTATCTCC
rnf2 GGATGGAGTCAGCGAGATTG TCTACATTGATGGGGCTTGC
bmi1a GTTGATGCTGCAAATGGGTC TTGCGCCCTATGATCGAAAA
pcgf6 ACTGAGAGGGCTTGAAGTTCC CCCACAAACTCCAACATCAG
ezh1 ACGGCGATTTGACTGGAACA AGGAAGCGTCTAGTGAGGTCT
suz12b GTCAGCAAGAAGAGGGCTAC CGGGTTGAGAGAGGTTTAGC
pcgf5a TCTCTCCGGTTCTCACTACC GCGCCAGCGATTTCATTATC
pcgf5b AATAATGGGCAAAGACCACA GACTTGCCATTCAATTTGCT
rbbp4 CACACTGCAGAGGTCAACTG TTTCATCTTTGTGCGACTCA
rsp18 CATCCCAGAGAAGTTTCAGCACATC CGCCTTCCAACACCCTTAATAGC
Table 1. RT-qPCR primer sequences.
Table 2. Whole mount in situ hybridizaƟ on probes from plasmids.
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Whole mount In Situ HybridizaƟ on (WISH)
Embryos (2-cell stage or 50% epiboly) were ﬁ xed overnight at 4°C in 4% PFA (Aurion, 151710) in PBST (PBS with 
0.1% Tween-20), aŌ er which they were washed with PBST, dechorionated, and gradually transferred to 100% meth-
anol. Embryos of 1, 2, and 3 dpf were dechorionated when needed and subsequently ﬁ xed overnight at 4°C in 4% 
PFA in PBST, aŌ er which they were washed with PBST and gradually transferred to 100% methanol. Prior to WISH, 
embryos were transferred back to PBST. WISH was performed as described previously [28,29]. The embryos were 
mounted in methylcellulose (4%) and imaged by light microscopy on a Leica  MZFLIII, with a  Leica DFC450 camera 
or on a Leica DM2500 microscope with a Leica DFC7000T camera.
WISH on gonads
Adult gonads were dissected from euthanized adult zebraﬁ sh [27] and ﬁ xed overnight at 4°C in 4% PFA in PBST, 
aŌ er which they were gradually transferred to 100% methanol in steps of 1 hour. Gonads were transferred to PBST 
before starƟ ng WISH. WISH on gonads was performed as described previously [28,30]. AŌ er stopping the staining 
reacƟ on, gonads were stored in 100% methanol.
Histology
AŌ er WISH, gonads (ovaries and tesƟ s) were dehydrated stepwise with ethanol and xylene. Subsequently, gonads 
were transferred to plasƟ c or paraﬃ  n overnight. The following day Ɵ ssues were embedded in plasƟ c or paraﬃ  n and 
secƟ oned (5 μm for tesƟ s and 10 μm for ovaries). Gonads on which WISH for ezh2, eed, suz12a, phc2a, or bmi1a 
was performed, were embedded in plasƟ c and ovaries on which WISH for ezh1, rbbp4, rnf2, pcgf1, pcgf5a, or pc-
gf5b was performed, were embedded in paraﬃ  n. For counterstaining of ovaries neutral red (Sigma-Aldrich, 0.1%) 
(plasƟ c secƟ ons) or nuclear fast red (N3020, Sigma-Aldrich) (paraﬃ  n secƟ ons) was used. Slides were dewaxed (3x5 
minutes xylene, 2x1 minute 100% alcohol, 2x1 min. 95% alcohol, 1 min. 70% alcohol, 1 min. 50% alcohol, 1 min. 
H
2
O) and incubated for 10 minutes in 0.1% neutral red or 0.1% nuclear fast red [30,31]. SecƟ ons were washed brief-
ly with water, dehydrated with xylene, and covered with a cover slip using permount or Depex for future imaging. 
Images of plasƟ c embedded Ɵ ssue were made using a Zeiss Axioplan microscope equipped with a Zeiss Axiocam 
digital camera. Paraﬃ  n secƟ ons were imaged using a Leica DM2500 microscope with a Leica DFC7000T camera.
Results
PcG expression is enriched in the adult germ cells over somaƟ c Ɵ ssue
The expression level of the PcG genes ezh2, ezh1, eed, suz12a, suz12b, rbbp4, bmi1a, pcg-
f5a, pcgf5b, pcgf6, and rnf2 was assessed by RT-qPCR from adult male and female gonads 
and two somaƟ c Ɵ ssues: muscle and eye. The expression of the reference gene rsp18 was 
used for normalizaƟ on. Enrichment in gene expression of ezh2, eed, suz12a, rnf2, bmi1a, 
pcgf6, rbbp4, suz12b, and pcgf5b was detected in the germ line over somaƟ c Ɵ ssue (Fig 1A). 
As a next step, we invesƟ gated the expression of a selecƟ on of PcG genes in adult germ cells 
in more detail using whole mount in situ hybridizaƟ on (WISH, Fig 1B-E).
Oogenesis encompasses 6 diﬀ erent stages of oocytes [32]. Assessment of the diﬀ erent stag-
es was performed based on morphology [32]. Eleven diﬀ erent PcG genes were tested in 
the adult ovary (Fig 1B). mRNA expression in the cytoplasm and nucleus throughout the 
diﬀ erent stages of oogenesis is summarized in Fig 1C. In stage IA oocytes, which are cells 
in the pre-follicle phase, we detected ezh2, ezh1, eed, suz12a, phc2a, rbbp4, and bmi1a in 
the cytoplasm. Only ezh1, rbbp4, rnf2, and pcgf5a were detected in the nucleus at stage IA. 
In stage IB oocytes the expression of rbbp4, rnf2, pcgf1, pcgf5a, and pcgf5b was detected 
in both the nucleus and cytoplasm. The expression of ezh2, ezh1, eed, suz12a, phc2a, and 
bmi1a was only visible in the cytoplasm. Stage II oocytes showed expression of all PcG genes 
Chapter 2
43
PcG genes during zebrafi sh embryonic and germ line development
BC
ezh1
bmi1a
phc2a
eed
suz12a
ezh2
pcgf1
pcgf5a
pcgf5b
rnf2
rbbp4
stage II
stage IB
stage IB
stage III
D
bmi1a
phc2aeed
ezh2 suz12a
spermatogonia
sperm
spermatids
spermatocytes
stages of spermatogenesis
E
loca
tion
nucleus
cytoplasmIA
nucleus
cytoplasmIB
nucleus
cytoplasmII
nucleus
cytoplasmIII
nucleus
cytoplasmIV
nucleus
cytoplasmV
ez
h2
ez
h1
ee
d
su
z1
2a
ph
c2
a
rbb
p4
rnf
2
pc
gf1
bm
i1a
pc
gf5
a
pc
gf5
b
sta
ge
sta
ge
spermatgonia
spermatocytes
spermatids
sperm
ez
h2
ee
d
su
z1
2a
ph
c2
a
bm
i1a
A
0
0.05
0.1
0.15
0.2
0.25
0.3
ezh2 eed suz12a rnf2 bmi1a pcgf6 rbbp4
0
0.01
0.02
0.03
0.04
0.05
ezh1 suz12b pcgf5a pcgf5b
rel
ati
ve
 ex
pre
ss
ion
relative expression
ovaries
testes
muscle
eye
Fig 1. Expression of the majority of the PcG genes that were tested is enriched in the adult germ line. (A) RelaƟ ve 
expression assessed by RT-qPCR for ezh2, eed, suz12a, rnf2, bmi1a, pcgf6, and rbbp4 and for the lower expressed 
genes ezh1, suz12b, pcgf5a, and pcgf5b in the adult ovary and tesƟ s and two somaƟ c Ɵ ssues: muscle and eye. 
RelaƟ ve expression to the reference gene rsp18 is shown. Data based on three biological replicates and three tech-
nical replicates. Error bars indicate standard deviaƟ on. (B) SpaƟ o-temporal expression of ezh2, ehz1, eed, suz12a, 
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phc2a, rbbp4, rnf2, pcgf1, bmi1a, pcgf5a, pcgf5b, and pcgf6 in adult ovaries. Lower right panel shows a schemaƟ c 
representaƟ on of stage IB, II, and III of oogenesis. Stages of oogenesis are assessed according to Selman et al. 
[32]. Scale bar: 100 μm. (C) Expression of the PcG genes that were tested in diﬀ erent stages of oogenesis. Purple 
boxes indicate expression of the corresponding gene at that stage of oogenesis. Stages of oogenesis are assessed 
according to Selman et al. [32]. (D) SpaƟ o-temporal expression of ezh2, eed, suz12a, phc2a, and bmi1a in adult 
testes. Lower right panel shows examples of the four stages of spermatogenesis. Scale bar: 100 μm. (E) Expression 
of the PcG genes that were tested in diﬀ erent stages of spermatogenesis. Purple boxes indicate posiƟ ve expression 
of the corresponding gene at that stage of spermatogenesis. Stages of spermatogenesis are determined according 
to Leal et al. [33].
tested in their cytoplasm. AddiƟ onally, pcgf5b was also detected in the nuclei of stage II oo-
cytes. In stage III-V expression of the majority of the PcG genes we tested is not detected in 
the nucleus. Only pcgf1 mRNA was detected in stage III oocytes. The PcG genes ezh2, ezh1, 
phc2a, rbbp4, rnf2, pcgf1, bmi1a, and pcgf5a show expression in the cytoplasm of stage III 
oocytes. In stage IV expression of ezh2, rbbp4, rnf2, pcgf1, pcgf5a, and pcgf5b was detected 
in the cytoplasm. Lastly, rbbp4, rnf2, pcgf5a, and pcgf5b expression was detected in the 
cytoplasm of stage V oocytes.
AddiƟ onally, we tested the expression of ezh2, eed, suz12a, phc2, and bmi1a in adult tes-
tes. We discriminated between four diﬀ erent stages of spermatogenesis according to the 
morphology of the cells, as described by Leal et al. [33] Early stages of spermatogenesis, the 
spermatogonia and spermaƟ ds showed expression of ezh2, eed, suz12a, phc2, and bmi1a 
(Fig 1D, E). Mature stages of spermatogenesis: spermaƟ ds and sperm showed expression of 
phc2a (Fig 1D, E).
The majority of PRC2 genes is maternally provided
To determine whether components of PRC2 are maternally provided and therefore present 
before zygoƟ c genome acƟ vaƟ on (ZGA) we performed whole mount in situ hybridizaƟ on 
on 2-cell stage embryos (0.75 hpf; Fig 2). We observed that ezh2, eed, suz12a, phc2a and 
rbbp4, are maternally provided to the embryo, but there was no detectable presence of 
ezh1 mRNA. In addiƟ on, we also studied the gene expression of these PRC2 components 
aŌ er ZGA, at 50% epiboly, and observed ubiquitous expression for ezh2, eed, suz12a, phc2a, 
and rbbp4 (5.3 hpf; Fig 2). We did not detect expression of ezh1 at 50% epiboly.
Fig 2. Expression of PRC2 members at early stages of embryonic development. SpaƟ o-temporal expression as-
sessed by whole mount in situ hybridizaƟ on of ezh2, ezh1, eed, suz12a, phc2a and rbbp4, at the 2-cell stage (0.75 
hpf) and 50% epiboly (5.3 hpf). Scale bar: 200 μm.
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SpaƟ al restricƟ on of the expression of this selecƟ on of PcG genes becomes more apparent 
at 2 and 3 dpf (Fig 4). At 2 dpf the transcripts of ezh2, ezh1, eed, suz12a, phc2a, rbbp4, and 
pcgf6 were enriched in brain Ɵ ssue, such as the mid-hindbrain barrier, and expressed in the 
pharyncheal arches (Fig 4A). Furthermore, ezh2, ezh1, eed, rbbp4, and phc2a are expressed 
in the pectoral ﬁ n buds and both ezh2 and phc2a were detected in the intesƟ ne at 2 dpf 
(Fig 4A). The PRC2-components ezh2, eed, rbbp4, and phc2a are expressed in the intesƟ ne 
at 3 dpf. At 3 dpf ezh2, eed, phc2a, rbbp4, and bmi1a were expressed in the mid-hindbrain 
barrier. Overall, enrichment of anterior expression was observed for ezh2, eed, phc2a, and 
rbbp4 at 3 dpf (Fig 4B).
The expression of a selecƟ on of PcG genes during germ cell development is detectable as 
from 4 weeks post ferƟ lizaƟ on
In adult gametes expression of the tested PcG genes was detected, but we did not observe 
them in primordial germ cells at 1, 2, or 3 dpf (Fig 3, 4). To determine when these PcG 
genes start to be expressed in the developing germ line, we performed whole mount in situ 
hybridizaƟ on at gonads from 3 to 5 weeks post ferƟ lizaƟ on for a subset of PcG genes. We 
were not able to detect the expression of these PcG genes at 3 weeks post ferƟ lizaƟ on in the 
developing gonads. At 4 weeks post ferƟ lizaƟ on we detected the expression of ezh2, eed, 
suz12a, and phc2a in the cytoplasm of stage IA oocytes. Furthermore, all genes tested were 
detected in the cytoplasm of stage IB oocytes (Fig 5A, B). We addiƟ onally tested expression 
rbbp4eed
suz12aezh2
ezh1 phc2a
1 dpf
Fig 3. Expression of PRC2 members at 1 dpf. Lateral view of the spaƟ o-temporal expression assessed by whole 
mount in situ hybridizaƟ on of the PRC2 members: ezh2, ezh1, eed, suz12a, phc2a, and rbbp4, at 1 dpf zebraﬁ sh 
embryos.
Expression of a selecƟ on of PcG genes during Ɵ ssue speciﬁ caƟ on
To invesƟ gate the expression paƩ erns of a selecƟ on of PcG genes during Ɵ ssue speciﬁ caƟ on, 
we next performed whole mount in situ hybridizaƟ on at 1, 2, and 3 dpf. Whereas the expres-
sion of the majority of the PcG genes we tested, except for ezh1, was ubiquitously present 
at early stages (2-cell and 50% epiboly), the expression becomes more anteriorly enriched 
at 1 dpf (Fig 3). The expression of ezh2, eed, suz12a, phc2a, and rbbp4 was clearly visible. 
However, mRNA expression of ezh1 was detected at a very low level at the anterior side of 
the embryo.
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Fig 4. Expression of PcG genes at 2 and 3 dpf. (A) SpaƟ o-temporal expression assessed by whole mount in situ 
hybridizaƟ on of ezh2, ezh1, eed, suz12a, phc2a, rbbp4, and pcgf6 at 2 dpf. Lateral views are shown for all genes. 
Dorsal views of ezh2, ehz1, eed, phc2a, and rbbp4. Ventral view of pcgf6. (B) SpaƟ o-temporal expression assessed 
by whole mount in situ hybridizaƟ on of ezh2, ezh1, eed, phc2a, rbbp4, bmi1a, and pcgf6 at 3 dpf. Lateral views are 
shown for all genes. Dorsal views of ezh2, ezh1, eed, phc2a, and rbbp4. in: intesƟ ne, pf: pectoral ﬁ n (buds), HB: 
hindbrain, MHB: mid-hind brain boundary, pep: presumpƟ ve epiphysis, pa: pharyngeal arches 3-7, ot: opƟ c tectum, 
re: reƟ na, ob: olfactory bulb, n.d.= no data
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of ezh2, eed, suz12a, phc2a, and bmi1a, in presumpƟ ve ovaries at 5 weeks post ferƟ lizaƟ on, 
and expression was observed for all, except bmi1a, in the cytoplasm of the stage IA oocytes. 
At 5 weeks post ferƟ lizaƟ on, all PcG genes tested were detected in both the nucleus and the 
cytoplasm of stage IB oocytes. As a control we used vasa, a germ cell marker (Fig 5C).
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Discussion
PcG genes are expressed in the germ line of adult zebraﬁ sh
Safeguarding germ cell fate is extremely important since germ cells form the basis for the 
existence and propagaƟ on of a species. Therefore, correct gene expression must be main-
tained in germ cells. Amongst the mechanisms that are reported for this maintenance are 
transcripƟ onal repression, chromaƟ n state protecƟ on, and protecƟ on of genome integrity 
[34]. TranscripƟ onal repression is described to be an important event and therefore inves-
Ɵ gaƟ ng the expression of PcG genes in adult gametes as well as in developing gonads will 
give us insight in the potenƟ al role of PcG-mediated gene repression in zebraﬁ sh germ cells. 
In this study we found that expression of nine out of eleven PcG genes that were tested is 
enriched in the germ line over somaƟ c Ɵ ssue in adult zebraﬁ sh. The mRNA levels of ezh1 
and pcgf5a are higher in eye and muscle Ɵ ssue, compared to gonad Ɵ ssue. Zygotes are 
reported to not have maternal load of ezh1 and pcgf5a [24]. The lack of maternal load for 
these genes could be a correlated to our observaƟ on of low expression of these genes in 
adult gonads [24].
Fig 5. Expression of PcG genes in developing gonads (A) SpaƟ o-temporal expression assessed by whole mount in 
situ hybridizaƟ on of ezh2, eed, suz12a, phc2a, and bmi1a at 4 weeks post ferƟ lizaƟ on. (B) Expression paƩ erns of 
ezh2, eed, suz12a, phc2a, and bmi1a, in gonads at 4 weeks post ferƟ lizaƟ on. Purple boxes indicate expression of 
the corresponding gene at that stage of oogenesis. (C) SpaƟ o-temporal expression assessed by whole mount in situ 
hybridizaƟ on at 5 weeks post ferƟ lizaƟ on of ezh2, eed, suz12a, phc2a, bmi1a, and the germ cell marker vasa. (D). 
Expression of ezh2, eed, suz12a, phc2a, and bmi1a, at 5 weeks post ferƟ lizaƟ on. Purple boxes indicate expression of 
the corresponding gene at that stage of oogenesis. Stages of oogenesis are assessed according to Selman et al. [32].
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Because germ cells have the capacity to form a toƟ potent zygote upon ferƟ lizaƟ on, it is ex-
pected that germ cells remain in a relaƟ vely quiescent state compared to somaƟ c cells [34]. 
Germ cells can be regarded as a stem cell-like model. They both have the potenƟ al to give 
rise to all diﬀ erent cell types. PcG gene expression is associated to stem cell maintenance 
[35]. Detailed spaƟ o-temporal expression analysis of eleven diﬀ erent PcG genes in ovaries 
indicates that stage IB oocytes show mRNA expression of PRC1 members in both the nu-
cleus and the cytoplasm which is in contrast to the mature stages of the oogenesis, where 
only rbbp4, rnf2, pcgf5a, and pcgf5b mRNAs are detected in the cytoplasm. The other genes 
tested were not detected in stage V oocytes. PcG proteins act as transcripƟ onal repres-
sors and since we mainly observe their expression in stage I-II oocytes, we hypothesize that 
transcripƟ on is acƟ vely repressed by PcG proteins in early stage oocytes. These early stage 
oocytes can be considered as the germ line stem cells. The presence of PcG genes in these 
early stages of oogenesis suggests that especially these cells undergo chromaƟ n remodeling 
and changes in the epigenome.
In later stages of oogenesis we did not detect the mRNA of the tested PcG genes in the 
nucleus. In these mature oocytes we are oŌ en also not able to detect PcG gene expression 
in the cytoplasm. One can regard the content of the cytoplasm as the maternal load that 
is transmiƩ ed to the zygote. We analyzed the expression of the PRC2 members by whole 
mount in situ hybridizaƟ on at the 2-cell stage. We found ezh2, eed, suz12a, phc2a, and 
rbbp4 to be present, and did not detect ezh1. Since zygoƟ c genome acƟ vaƟ on occurs aŌ er 
the 2-cell stage, this means that the PRC2 members tested, except ezh1, are maternally 
loaded. The RT-qPCR results also indicate that ezh1 is expressed at low levels in the gonads. 
The transcripts of PRC1 components rnf2, pcgf1, bmi1a, bmi1b, pcgf5a, and pcgf6 were also 
reported to be maternally loaded [4,13]. The PRC1 component pcgf5b was reported not to 
be present at the 2-cell stage [4]. Stage V oocytes are the basis for the zygote and therefore 
the PcG transcripts that are maternally provided are also expected to be present in the cy-
toplasm of stage V oocytes. However, this is not what we consistently observed. A potenƟ al 
explanaƟ on for why ezh2, eed, suz12a, phc2a, pcgf1, and bmi1a are not observed in stage V 
oocytes could be that the mRNA has been diluted, and is therefore not detectable by WISH, 
in these large stage V oocytes.
Ezh2 is maternally loaded and we ﬁ nd this mRNA also to be present in the germ line. Likely, 
during germ line development, Ezh2 plays a role in regulaƟ ng transcripƟ on. Therefore, it 
was unexpected that zebraﬁ sh with an ezh2 mutant germ line are ferƟ le [11]. Ezh2 inhibitors 
are someƟ mes used as anƟ -cancer drugs and pharmacological inhibiƟ on of Ezh2 in the mu-
rine germ line resulted in depleƟ on of H3K27me3 [18,36]. What the eﬀ ects are on ferƟ lity is 
an important remaining quesƟ on.
The tesƟ s, especially the early stages of spermatogenesis, the spermatogonia and sper-
matocytes, showed expression of ezh2, eed, suz12a, phc2a, and bmi1a. The analogy of pres-
ence of PcG genes in the early stages of gametogenesis, in both the female and male germ 
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line, hints towards a conserved mechanism that requires PcG protein funcƟ oning in early 
gametogenesis.
Role of PcG genes in embryogenesis 
Once the stage V oocyte is ferƟ lized, a zygote develops with maternal load consisƟ ng of a 
number of mRNA transcripts. Based on published whole mount in situ hybridizaƟ on exper-
iments, PRC1 members rnf2 and pcgf1-6, except pcgf5b, are maternally loaded [4,13]. This 
contradicts the results of pcgf5a and pcgf5b expression during development as was found 
by a high-resoluƟ on mRNA expression Ɵ me course of embryonic development in zebraﬁ sh 
[24]. The expression of pcgf5a is reported to be absent unƟ l 75% epiboly and expression is 
ﬁ rst observed at the 1-4 somite [24]. Before ZGA expression of pcgf5b is already observed, 
when analyzed by RNA-seq. A potenƟ al explanaƟ on for this ﬁ nding is the high similarity 
between these two transcripts, which could make disƟ nguishing them problemaƟ c, both by 
RNA-sequencing as well as by whole mount in situ hybridizaƟ on.
At early stages of embryogenesis the PRC2 members were ubiquitously expressed, except 
ezh1, which was not detected. The expression of ezh2 is similar to previously published [11]. 
The majority of the genes that we tested by whole mount in situ hybridizaƟ on at 1, 2, and 3 
dpf are detected in the brain regions, especially in the mid-hindbrain barrier. The paƩ ern of 
PcG expression presented here shows high resemblance with the expression of the prolifer-
aƟ on marker pcna [37]. PcG genes are described to enhance proliferaƟ on and the overlap 
in expression paƩ erns found with the paƩ ern of pcna could suggest that PcG genes are 
expressed in regions that are highly proliferaƟ ve [38].
Some PcG genes are duplicated in the zebraﬁ sh genome, this includes the previously dis-
cussed pcgf5 gene [5]. Another example is the PRC1 component bmi1; the two paralogues 
were reported to have diﬀ erent expression paƩ erns [4]. The phc2a gene is also duplicated. 
AddiƟ onally, there are two isoforms of phc2a described, which adds an extra layer of com-
plexity to studying these type of genes [6]. The phc2a probe we have used for our analysis 
does not disƟ nguish between these isoforms. The diﬀ erent paralogues of the PcG genes 
and the possibility of diﬀ erent isoforms should be taken into account when studying these 
genes in zebraﬁ sh.
The data presented in this study can contribute to our understanding of explaining the phe-
notypes of PcG gene mutants in zebraﬁ sh reported so far. For instance, we detect ezh2 
expression in the pectoral ﬁ n buds, brain region, especially at the mid-hind brain barrier, 
and the intesƟ nal tract. The MZezh2 mutants lack pectoral ﬁ ns, and show malformaƟ on of 
the head, which could indicate a need for Ezh2 for proper outgrow of these Ɵ ssues [11]. 
Normally during embryonic development, the gut is formed around 5 dpf. In this study, we 
could detect expression of ezh2 at 2 and 3 dpf in the presumpƟ ve gut Ɵ ssue. AddiƟ onally, 
Dupret et al. reported intesƟ nal defects in zygoƟ c ezh2 mutant zebraﬁ sh [12]. PRC1 was also 
implicated to play a role in pectoral ﬁ n development, as zygoƟ c rnf2 mutants show defects 
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in ﬁ n bud outgrowth, due to incomplete acƟ vaƟ on of the Fgf signaling pathway. In these 
mutants, iniƟ al speciﬁ caƟ on from presumpƟ ve pectoral ﬁ n precursors is correctly iniƟ ated. 
This observaƟ on conﬁ rms the view that PcG genes are involved in terminal diﬀ erenƟ aƟ on 
of diﬀ erent Ɵ ssue types [39]. Since eed and phc2a expression is detected in the pectoral ﬁ n 
buds at 2 dpf, we hypothesize that eed and phc2a zebraﬁ sh mutants would also lack pectoral 
ﬁ ns.
The enzymaƟ c subunit of PRC2 during zebraﬁ sh development
PRC2 contains one enzymaƟ c subunit, Ezh1 or Ezh2, which are mutually exclusive [40,41]. 
The expression paƩ ern of ezh1 is visually diﬀ erent from the other PRC2 components, since 
ezh1 seems to be the only PRC2 member which is not maternally loaded. AddiƟ onally, ezh1 
cannot be detected at 2-cell stage and does not seem to be expressed up unƟ l 50% epiboly. 
This suggests that this gene is not acƟ vated at ZGA. A similar observaƟ on was made by Sun 
et al.; the expression of ezh2 was detected at 0.75 hpf (2-cell stage), 2 hpf, and 4 hpf, but no 
expression of ezh1 was observed at these stages [25]. At 1 dpf we observed ezh1 expression 
at low levels. Similar data about expression of ezh1 were also found in a high-resoluƟ on 
mRNA expression Ɵ me course of embryonic development in zebraﬁ sh [24]. WISH at 2 and 3 
dpf for ezh1 indicates an expression paƩ ern that is enriched in the head region and the pec-
toral ﬁ ns. At 5 dpf ezh1 expression is clearly detected in the RNA-sequencing dataset [24]. 
The expression levels in the study of White et al. show that at 1 dpf the levels are roughly 
47 Ɵ mes higher for ezh2 compared to ezh1 [24]. The current view on Ezh1/Ezh2 is that Ezh2 
is incorporated in PRC2 in cells that are pluripotent, such as embryonic stem cells. Ezh1 is 
believed to be present in adult Ɵ ssue and non-proliferaƟ ve cells [40,41]. Our observaƟ on 
of enrichment of ezh1 expression in muscle and eye Ɵ ssue over gonad Ɵ ssue is in line with 
this view. The cells of a 2-cell stage embryo have the potenƟ al to grow into all diﬀ erent cell 
types, which resembles a stem-cell like state, and this could explain why ezh2 is maternally 
loaded and ezh1 is not. Only at later stages of development ezh1 expression is detected. 
These observaƟ ons support the hypothesis that Ezh2 and Ezh1 are part of PRC2 in less or 
more diﬀ erenƟ ated cells, respecƟ vely.
Summary and future perspecƟ ves
In this study we have shown the expression of a selecƟ on of PcG genes in the germ line and 
during early embryonic development. A mulƟ tude of the PcG genes that we tested showed 
enrichment in the germ line over somaƟ c Ɵ ssue. We also found that especially early stages 
of gametogenesis showed expression of the PcG genes that we tested. During zebraﬁ sh 
embryonic development the majority of PcG genes were also detected, this is a ubiquitous 
expression in the early stages and becomes more anteriorly enriched from 1 dpf onwards. 
The observaƟ ons described here underline the likelihood for a role of PcG genes in speciﬁ ca-
Ɵ on of mulƟ ple lineages, including the germ line. Mutants are pivotal to study the funcƟ on 
of a gene or mulƟ ple genes during development. Zebraﬁ sh are more frequently used to 
study epigeneƟ cs and some PcG mutants are already generated in the Sanger InsƟ tute and 
available via Zebraﬁ sh InternaƟ onal Resourc Center (ZIRC). Nowadays, new zebraﬁ sh mu-
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tants are relaƟ vely easily generated using the CRISPR-Cas9 system [42]. This system allows 
for targeted mutaƟ ons and provides opportuniƟ es to further study the role and funcƟ on of 
PcG proteins in zebraﬁ sh embryonic and adult development. One could make mutants for 
the diﬀ erent paralogues of PcG genes and aim to mutate the diﬀ erent isoforms. Our results 
serve as an important resource of informaƟ on on the expression paƩ erns of a selecƟ on of 
PcG genes during embryonic and germ line development. This contributes to our under-
standing of the role of the PcG proteins, which were tested here, in embryogenesis and 
germ line development. Follow-up studies need to be performed in order to obtain detailed 
insights.
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Abstract
The Polycomb group (PcG) protein family is a well-known group of epigeneƟ c modiﬁ ers. 
In this study we used zebraﬁ sh to invesƟ gate the role of Rnf2, the enzymaƟ c subunit of 
Polycomb Repressive Complex 1 (PRC1). Rnf2 places the H2AK119Ub mark, which stabilizes 
the H3K27me3 repressive mark. Development of rnf2 mutant zebraﬁ sh embryos is severely 
aﬀ ected, with heart edema, lack of pectoral ﬁ ns, and craniofacial defects among the most 
pronounced phenotypes. We found a posiƟ ve correlaƟ on between loss of Rnf2 and upregu-
laƟ on of genes, especially of those whose promoter is normally bound by Rnf2. The heart of 
rnf2 mutants shows a tubular shaped morphology and to further understand the underlying 
mechanism responsible for this phenotype, we studied gene expression of single wildtype 
and rnf2 mutant hearts at 1, 2, and 3 dpf. We detected the most pronounced diﬀ erences at 
3 dpf, including upregulaƟ on of heart transcripƟ on factors, such as tbx2a, tbx2b, and tbx3a. 
These tbx genes were decorated by broad PcG domains in wildtype whole embryo lysates. 
Chamber speciﬁ c genes such as vmhc, myh6, and nppa showed downregulaƟ on in rnf2 
mutant hearts. The marker of the working myocard, nppa, is negaƟ vely regulated by Tbx2 
and Tbx3. Based on our ﬁ ndings and literature we postulate that loss of Rnf2-
mediated repression results in upregulaƟ on and ectopic expression of tbx2/3, whose ex-
pression is normally restricted to the cardiac conducƟ ve system. This could lead to repres-
sion of chamber speciﬁ c gene expression, a misbalance in cardiac cell types, and thereby to 
cardiac defects observed in rnf2 mutants.
IntroducƟ on 
Proper establishment of cellular idenƟ ty and subsequent cell type maintenance is crucial 
during embryonic development and Ɵ ssue homeostasis. Defects in this complex process can 
result in disease and/or lethality. Therefore, it is important to study these processes in the 
context of an in vivo system. Modiﬁ caƟ ons of the DNA as well as the associated histones, 
aﬀ ect the accessibility of the DNA for the transcripƟ onal machinery. EpigeneƟ c modiﬁ ers 
of the Polycomb group (PcG) protein family are well-known transcripƟ onal silencers, which 
place speciﬁ c histone marks [1]. PcG proteins can assemble in two Polycomb Protein Com-
plexes (PRCs): PRC1 and PRC2. PcG proteins were ﬁ rst idenƟ ﬁ ed in Drosophila, in which mu-
taƟ ons of PcG genes resulted in homeoƟ c transformaƟ on, by deregulaƟ ng homeoƟ c (hox) 
genes [2]. In zebraﬁ sh the PRC1 core subunits are Rnf2, a Pcgf-family member, a Cbx protein, 
and a Phc-protein [3]. The core-components of PRC2 are Eed, Suz12, and Ezh1/-2 [4]. The ca-
nonical view is that PRC2 is ﬁ rst recruited to the chromaƟ n and the enzymaƟ c subunit Ezh2 
trimethylates lysine 27 of histone H3 (H3K27me3). PRC1 is recruited to H3K27me3 via its 
subunit Cbx [5]. The PRC1 subunit Rnf2 mono-ubiquiƟ nylates H2AK119 (H2AK119ub), via its 
RING-domain and this mark stabilizes H3K27me3 [6]. Both H3K27me3 and H2AK119ub are 
epigeneƟ c marks associated with transcripƟ onal repression [7–10]. H3K27me3 represses 
gene expression by changing the chromaƟ n structure and by antagonizing the H3K27ac 
mark, which is a mark known to be present at acƟ ve enhancers [10,11]. Because H3K27me3 
and H3K27ac reside at the same amino acid of the same histone tail, they are mutually 
exclusive. Furthermore, recent studies showed that the recruitment of PRC1 to the chroma-
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Ɵ n can also be H3K27me3-independent [12,13]. PRC1 variants that contain subunits which 
have a DNA-binding domain are described to be involved in this process [14]. H3K27me3-in-
dependent recruitment of PRC1 can repress gene expression by diﬀ erent mechanisms: by 
condensaƟ on of the chromaƟ n structure, by prevenƟ ng RNA polymerase II elongaƟ on, and 
by recruiƟ ng PRC2 [12,15–17]. However, much sƟ ll remains unknown about the interplay 
between PRC1 and H3K27me3.
Studies using systems in which PRC1 is disrupted indicate a crucial role in cellular diﬀ eren-
Ɵ aƟ on across species. Mice have two homologous of the RING-domain containing proteins 
that both can assemble in PRC1: Rnf2 (Ring1b) and Ring1 (Ring1a) [18]. Loss of Rnf2 in 
mice results in developmental arrest during gastrulaƟ on [19]. Murine Ring1 homozygous 
mutants are viable [20], and similar to PcG mutants in Drosophila, Ring1 heterozygous mice 
display homeoƟ c transformaƟ ons and skeletal defects [21]. In mice, the loss of Ring1/Rnf2 
postnatally results in dental defects, but no lethality, when the mice are studied up to 17 
days [22]. AddiƟ onally, studies in mouse embryonic stem cells showed that Rnf2 and Ring1 
are essenƟ al for maintaining cells in a pre-mature state, by repressing genes involved in 
diﬀ erenƟ aƟ on pathways [23,24]. In zebraﬁ sh, only one Ring1 orthologue is idenƟ ﬁ ed, which 
shows most homology with Rnf2 [3]. Therefore, ablaƟ on of Rnf2 in zebraﬁ sh results in loss 
of funcƟ onal PRC1 and the H2AK119ub mark [8]. Zinc-ﬁ nger nuclease induced rnf2 null-mu-
tant zebraﬁ sh embryos and rnf2 morphant embryos gastrulate normally, which makes it 
possible to study development in the absence of Rnf2 [8,25]. Rnf2 morphants have an over-
all normal morphology and, although their primiƟ ve erythropoiesis was largely unaﬀ ected, 
the number of hematopoieƟ c stem and thrombocytes was shown to be smaller at 36 hpf 
[25]. An rnf2 mutant allele has been generated, and the rnf2 mutaƟ on results in pre-mature 
stop codon. These rnf2 null-mutant zebraﬁ sh embryos show lethality around 4-5 dpf and 
display defects in terminal diﬀ erenƟ aƟ on of the pectoral ﬁ ns, likely due to interference with 
Fgf-signaling [8]. In addiƟ on, it was found that Cranial Neural Crest (CNC) cells do not prop-
erly diﬀ erenƟ ate into chondrocytes in rnf2 mutants, resulƟ ng in carƟ lage malformaƟ on in 
the head [26]. These defects in pectoral ﬁ n and chondrocyte development upon loss of Rnf2 
both arise during terminal Ɵ ssue diﬀ erenƟ aƟ on.
To study the role of PRC1 and PRC2 during embryogenesis is challenging due to lethality of 
mutants in many species before gastrulaƟ on [19,27]. Therefore, in this study, rnf2 mutant 
zebraﬁ sh embryos are used to invesƟ gate the eﬀ ects of loss of Rnf2 on development by 
studying the transcriptome and correlate this to the Rnf2 binding paƩ ern in wildtype em-
bryos at 3 dpf. We ﬁ nd an important regulatory role for Rnf2 at the chromaƟ n level. The loss 
of Rnf2 results in upregulaƟ on of the genes normally occupied by Rnf2; these include genes 
associated with transcripƟ onal regulaƟ on. In order to gain insight in a Ɵ ssue speciﬁ c role of 
Rnf2 we studied the heart in more detail. Transcriptome analysis of single hearts of wildtype 
and rnf2 mutant embryos at 1, 2, and 3 dpf indicates that at 1 and 2 dpf the transcripƟ onal 
diﬀ erence between wildtype and rnf2 mutant hearts are minor and at 3 dpf these diﬀ erenc-
es are more prominent. At 3 dpf upregulaƟ on of transcripƟ on factors like tbx2a, tbx2b, and 
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tbx3a was detected and, in addiƟ on, a downregulaƟ on of cardiac chamber genes, such as 
nppa was observed. We suggest that the upregulaƟ on of the tbx transcripƟ on factors is a 
direct consequence of the loss of Rnf2-mediated repression and we hypothesize that these 
transcripƟ on factors are responsible for the downregulaƟ on of chamber genes, resulƟ ng 
in malformaƟ on of the rnf2 mutant hearts. This ﬁ nding sheds new light on the molecular 
mechanisms underlying heart development and the role of Rnf2 during vertebrate embryo-
genesis
Results
1. Phenotypical diﬀ erences between rnf2 mutant and wildtype zebraﬁ sh embryos
To gain addiƟ onal insight in the role of PRC1 in development we used previously idenƟ ﬁ ed 
rnf2ibl31/ibl31 (referred to as rnf2) mutant zebraﬁ sh, which harbor a mutaƟ on in the enzymaƟ c 
subunit of PRC1. A 14 base pair deleƟ on in the rnf2 gene, results in a premature stop codon, 
and the mutant embryos were shown to lack rnf2 gene expression at 3 dpf [8]. We observed 
the same pleiotropic phenotype in rnf2 mutants, as reported before [8]. This includes moƟ l-
ity defects, defects in craniofacial development, the lack of pectoral ﬁ ns, and a pronounced 
heart edema (Figure 1A).
Immunohistochemistry for Rnf2 in wildtype siblings shows that expression of Rnf2 protein 
at 2 dpf is mainly detected anteriorly and in the notochord (Supplemental Figure 1, leŌ  pan-
el). The rnf2 mutants lack Rnf2 protein at 2 dpf (Supplemental Figure 1, right panel).
Figure 1. ZygoƟ c rnf2 mutant zebraﬁ sh embryos show a pleiotropic phenotype. (1A) Lateral view of wildtype em-
bryos (leŌ  panel) and rnf2 mutant embryos (right panel) at 3 dpf. The rnf2 mutants show a pleiotropic phenotype, 
including moƟ lity problems, craniofacial defects (arrowheads), lack of pectoral ﬁ ns, and a pronounced heart edema 
(arrowheads). Not all phenotypes are visible in the pictures. Scale bar is 1 mm. (1B) Expression of Ɵ ssue-speciﬁ c 
markers was assessed by WISH at 3 dpf in wildtype and rnf2 mutant embryos. fabp2: intesƟ nal marker, fabp10: liver 
marker, try: exocrine pancreas marker (arrowhead indicates pancreaƟ c lobe), and myl7: cardiomyocyte marker. 
Scale bar is 200 μm.
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To obtain more insight in the pleiotropic phenotype we assessed the expression of four 
organ markers by whole mount in situ hybridizaƟ on (WISH) in wildtype and rnf2 mutant em-
bryos at 3 dpf. Results from WISH for faƩ y acid-binding protein type 2 (fabp2), an intesƟ nal 
marker, suggests a smaller intesƟ ne in the rnf2 mutants compared to the wildtypes (Figure 
1B). Expression of the liver speciﬁ c marker faƩ y acid-binding protein type 10 (fabp10) is 
present in wildtypes, whilst it cannot be detected in rnf2 mutants. This suggests that liver 
terminal diﬀ erenƟ aƟ on is abrogated in rnf2 mutants. The terminal diﬀ erenƟ aƟ on marker of 
the exocrine pancreas, trypsin (try), is present in both wildtype and rnf2 mutant embryos. 
However, the shape of the exocrine pancreas is diﬀ erent in rnf2 mutants: the pancreaƟ c 
lobe is not detected. Lastly, the expression of the cardiomyocyte marker myosin light chain 
7 (myl7) was assessed. Wildtype embryos show pronounced myl7 expression in the atrium 
and the ventricle of the heart. Expression of myl7 is detected in rnf2 mutant embryos at 3 
dpf; however, the expression paƩ ern of myl7 in rnf2 mutants indicates malformaƟ on of the 
heart. The rnf2 mutant heart shows a stringy morphology and appears smaller based on the 
myl7 expression paƩ ern (Figure 1B).
2. Rnf2 binds the same targets as H3K27me3 and H3K27me3 deposiƟ on is present in rnf2 
mutants
We next studied the role Rnf2 on the molecular level by idenƟ fying its binding on the chro-
maƟ n, which was not yet assessed in zebraﬁ sh. We performed Rnf2 and H3K27me3 chro-
maƟ n immunoprecipitaƟ on followed by deep sequencing (ChIP-seq) at 3 dpf in wildtype and 
rnf2 mutant embryos. The canonical pathway describes that the H2AK119ub mark, placed 
by PRC1 (Rnf2), stabilizes H3K27me3 [28]. AddiƟ onally, PRC1 variants, containing diﬀ erent 
subunits than canonical PRC1, have been proposed to be able to recruit PRC2 [12,13,29]. 
InteresƟ ngly, numerous studies also reported no eﬀ ect on H3K27me3 upon loss of PRC1 
[23,30–34]. Therefore, we studied Rnf2 and H3K27me3 binding paƩ erns and thereby the 
potenƟ al funcƟ onal redundancy in PRC1 and PRC2 in zebraﬁ sh.
To allow quanƟ taƟ ve normalizaƟ on and to demonstrate the eﬃ  ciency of the method, we 
added Drosophila melanogaster spike-in chromaƟ n during the ChIP-seq procedure [35]. 
AŌ er ChIP-seq, k-means clustering revealed ﬁ ve diﬀ erent classes of binding of Rnf2 and 
H3K27me3 at promoter regions (Figure 2A). The ﬁ rst cluster represents Rnf2 and H3K72me3 
posiƟ ve promoters. The second, fourth, and ﬁ Ō h cluster contain promoter regions that are 
posiƟ ve for H3K27me3 and show close to background levels for Rnf2. The third cluster con-
tains broad PcG domains, in which both Rnf2 and H3K27me3 are present. The intensity of 
the peaks for Rnf2 and H3K27me3 was analyzed and visualized with bandplots (Figure 2B). 
Rnf2 is present at the chromaƟ n in wildtype embryos and is at around background levels 
in rnf2 mutants. The levels of H3K27me3 are similar in rnf2 mutants compared to wild-
types. H3K27me3 presence has been retained upon loss of Rnf2, which could suggest that 
its deposiƟ on does not rely on Rnf2 (Figure 2B).
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Figure 2. Rnf2 has a similar DNA-binding paƩ ern as H3K27me3 and the presence of H3K27me3 mark is retained 
upon loss of Rnf2. (2A) Heatmaps showing k-means clustering of Rnf2 and H3K27me3 ChIP-seq peaks in promot-
er regions in wildtype embryos and rnf2 mutant embryos at 3 dpf. In the ﬁ gure 20 kb regions, with a viewpoint 
around the center of all peaks, are shown. (2B) Bandplot showing the intensiƟ es of the ChIP-seq peaks for Rnf2 and 
H3K27me3 in wildtypes and rnf2 mutants at 3 dpf, and the input of the ﬁ ve clusters deﬁ ned by k-means clustering. 
The number of peak regions included in each cluster is depicted above the plot. The black line indicates the median, 
the intense color 50% of the peaks, and the light color 90% of the peaks.
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Figure 3. Loss of Rnf2 is directly associated with upregulaƟ on of gene expression. (3A) MA-plot of diﬀ erenƟ ally 
expressed genes between wildtypes and rnf2 mutants at 3 dpf. Signiﬁ cantly diﬀ erenƟ ally expressed genes |Log-
2FC≥1|; padj < 0.1 are highlighted in red. In total 292 genes are upregulated and 200 genes are downregulated. (3B) 
Gene Set Enrichment Analysis (GSEA) for the genes whose promoters belong to the ﬁ ve clusters deﬁ ned in Figure 
2A. Cluster 1, 2, 4, and 5 show a non-signiﬁ cant distribuƟ on of the genes based on their expression changes upon 
the rnf2 mutaƟ on. Genes belonging to the promoters from cluster 3 are enriched for upregulaƟ on upon mutaƟ on 
of rnf2. p-value = <0.001; NES = 2.04. (3C) Gene ontology of biological processes analysis of the 112 genes belong-
ing to cluster 3. (3D) ChIP-seq and RNA-seq coverage at the lbx1a gene and the tal1 gene in 3 dpf zebraﬁ sh embry-
os. Light blue: Rnf2 ChIP-seq tracks in wildtypes. Teal: Rnf2 ChIP-seq tracks in rnf2 mutants. Orange: H3K27me3 
ChIP-seq track in wildtypes. Brown: H3K27me3 ChIP-seq track in rnf2 mutants. Lilac: wildtype input. Green: RNA-
seq track in wildtypes. Red: RNA-seq track in rnf2 mutants.
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3. Loss of Rnf2 is associated with upregulaƟ on of genes decorated by broad PcG domains
Presence of Rnf2 and H3K27me3 on the chromaƟ n has a repressive eﬀ ect on the underlying 
genes [7–10]. Therefore, we compared the transcriptome of wildtype embryos and rnf2 
mutant embryos at 3 dpf. Our data shows both up- and downregulated genes upon loss of 
Rnf2 (Figure 3A). In total, 492 genes were found to be diﬀ erenƟ ally expressed (LFC ≥ 1; padj 
≤ 0.1). Of these, 292 were idenƟ ﬁ ed to be upregulated and 200 genes to be downregulated 
in rnf2 mutant embryos (Supplemental Table 1). Hierarchical clustering conﬁ rms good ho-
mology of the replicates (Euclidian distance; Supplemental Figure 2A). The organ markers 
tested by WISH, were also studied in the whole embryo RNA-sequencing dataset. A down-
regulaƟ on of marker expression in rnf2 mutants was observed for fabp2, fabp10, and myl7. 
Expression of try was not found to be aﬀ ected by the loss of Rnf2 (Supplemental Figure 2B).
The promoters of the ﬁ ve diﬀ erent clusters idenƟ ﬁ ed aŌ er ChIP-seq (Figure 2A) have been 
linked to the genes they regulate. The expression of these genes was analyzed by Gene Set 
Enrichment Analysis (GSEA). We tested the diﬀ erences in expression between rnf2 mutants 
and wildtypes in the ﬁ ve clusters (genes within the ﬁ ve clusters are enlisted in Supplemental 
Table 2). Genes belonging to the promoters of cluster 1, 2, 4, and 5 do not show signiﬁ cant 
enrichment for diﬀ erenƟ al regulaƟ on upon the rnf2 mutaƟ on (p-value = 0.176, 0.679, 0.605, 
and 0.249, respecƟ vely). Cluster 3 contains 69 promoter regions, regulaƟ ng 112 genes (‘clus-
ter 3 genes’). This cluster is signiﬁ cantly enriched with genes that are upregulated in the rnf2 
mutant embryos at 3 dpf (p-value < 0.001) (Figure 3B). Gene ontology analysis shows that 
these ‘cluster 3 genes’ are associated with regulaƟ on of transcripƟ on and embryonic organ 
development (Figure 3C). Examples of tracks of two ‘cluster 3 genes’ are shown in Figure 
3D. These genes are decorated by Rnf2 and H3K27me3 and the RNA-seq tracks indicate a 
signiﬁ cant upregulaƟ on of gene expression in rnf2 mutants at 3 dpf. In total, 24 genes were 
idenƟ ﬁ ed in cluster 3 that were signiﬁ cantly upregulated in rnf2 mutant embryos which are 
decorated by Rnf2 in the promoter region of wildtype embryos at 3 dpf (LFC ≥ 1; padj ≤ 0.1) 
(Supplemental Table 3).
4. The cardiac phenotype in rnf2 mutant zebraﬁ sh embryos shows looping defects
To gain insight into a Ɵ ssue speciﬁ c role of Rnf2 during development, we performed more 
extensive studies on the heart, which was one of the organs severely aﬀ ected upon the rnf2 
mutaƟ on. The heart is a well-studied organ in zebraﬁ sh, due to its similarity in cardiac devel-
opment to other species and its regeneraƟ ve capaciƟ es. Since we observe a severe cardiac 
phenotype upon loss of Rnf2, we studied a potenƟ al role of Rnf2-mediated regulaƟ on of 
heart development.
We analyzed the development of the heart of wildtype and rnf2 mutant embryos at 3 dpf in 
a Tg(myl7::GFP) background. This transgene speciﬁ cally marks cardiomyocytes [36]. During 
normal cardiac development, cardiac looping ensures the proper posiƟ oning of the atrium 
and ventricle and it marks the transiƟ on from a linear heart tube to a two-chambered heart 
separated by the atrioventricular canal (AVC), which occurs between 28 and 50 hours post 
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ferƟ lizaƟ on [37]. In contrast to the wildtype situaƟ on, the hearts of rnf2 mutant embryos 
display defecƟ ve looping morphogenesis, resulƟ ng in a stringy heart phenotype with no 
clear deﬁ ned cardiac chambers or AVC at 3 dpf (Figure 4A). To invesƟ gate the underlying de-
velopmental dynamics, we used high speed selecƟ ve plane illuminaƟ on microscopy (SPIM) 
to Ɵ me-lapse image wildtype and rnf2 mutant embryos from 1 to 2 dpf (Figure 4B). Indeed, 
whereas wildtype embryos showed cardiac looping around 36 hpf the mutants fail to loop 
properly (Figure 4B).
5. SingleHeartsRNA-seq highlights diﬀ erences between wildtype and rnf2 mutant hearts 
over Ɵ me
We next aimed at geƫ  ng a beƩ er understanding of the molecular mechanisms underly-
ing the heart defects detected in rnf2 mutants. To start with, we show that disturbing the 
epigeneƟ c repressor Rnf2 shows a global eﬀ ect on gene expression, especially of genes 
decorated by Rnf2 in wildtype embryos (Figure 3A). In order to address this ﬁ nding and in 
connecƟ on with the observed cardiac phenotype, we took genes posiƟ ve for Rnf2 in their 
promoter, as idenƟ ﬁ ed by ChIP-seq (n=206), and all genes detected by RNA-seq (n=32,266) 
and searched for the presence of heart transcripƟ on factors (n=18) within these two groups 
[38], ﬁ nding a signiﬁ cant enrichment of this category (chi-squared test; p-value < 0.001).
To gain more detailed insight into the role of Rnf2 in cardiac development, single embryonic 
hearts, both from rnf2 mutant and wildtype, serve as a useful model. The transcriptome 
of single hearts dissected from wildtype and rnf2 mutants was assessed, using a low-input 
RNA-seq method based on CEL-seq [39–42]. This method is very suitable for the number of 
cells present in a single embryonic heart, which is between 150 and 350 cells at 1 to 3 dpf 
[41,43,44]. We performed manual dissecƟ on of single embryonic hearts at 1, 2, and 3 dpf 
and prepared the individual rnf2 mutant and wildtypes dissected hearts for RNA-sequencing 
Figure 4. Zebraﬁ sh rnf2 mutant embryos show cardiac looping defects. (4A) Fluorescent images of wildtype and 
rnf2 mutant sibling embryos in a Tg(myl7::GFP) background at 3 dpf. Scale bar is 500 μm. (4B) SƟ lls of live-imaging 
by light sheet microscopy of wildtype and rnf2 mutant hearts in a Tg(myl7::GFP) background starƟ ng at 1 dpf. Scale 
bar is 100 μm.
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(SingleHeartsRNA-seq, Figure 5A). In total 63 single hearts were sequenced (Supplemental 
Figure 3A). Samples were ﬁ ltered based on the number of mRNAs they express, and genes 
were ﬁ ltered based on the number of samples that express them (see Materials and Meth-
ods and Supplemental Figure 3B). In total 5 samples were excluded and at least 8 replicates 
remained per genotype per developmental Ɵ me point (Supplemental Figure 3C). AŌ er this, 
gene counts were normalized to avoid, among others, diﬀ erences derived from unequal 
amounts of cardiac Ɵ ssue developed by the rnf2 mutant and wildtype embryos. Hierarchi-
cal clustering based on Euclidian Distances at the 3 diﬀ erent developmental Ɵ me points 
indicates that diﬀ erences between wildtype and rnf2 mutant hearts are minor at 1 and 2 
dpf and more pronounced at 3 dpf (Supplemental Figure 3D-F). This is also reﬂ ected in the 
number of genes that are diﬀ erenƟ ally expressed at these diﬀ erent Ɵ me points (Figure 5B). 
At 1 dpf no genes were found to be upregulated and 7 genes were signiﬁ cantly downregu-
lated (|Log2FC > 0|; padj < 0.01). This number increased to 82 upregulated and 30 down-
regulated genes at 2 dpf. At 3 dpf 384 genes were detected to be signiﬁ cantly upregulated 
and 269 genes to be signiﬁ cantly downregulated in rnf2 mutant heart. Overall, we observed 
that the number of diﬀ erenƟ ally expressed genes between wildtype and rnf2 mutant hearts 
increased over Ɵ me (Figure 5B, Supplemental Table 4).
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Figure 5. SingleHeartsRNA-seq is used to assess transcripƟ onal diﬀ erences between wildtype and rnf2 mutant 
hearts over Ɵ me. (5A) Workﬂ ow of SingleHeartsRNA-seq. Zebraﬁ sh hearts were manually dissected at 1, 2, and 3 
dpf as described previously [85]. The remaining Ɵ ssue was used for genotyping and the rnf2 mutant and wildtype 
hearts were sequenced. (5B) Diﬀ erenƟ ally expressed genes |Log2FC > 0|; padj < 0.01 between rnf2 mutant and 
wildtype hearts are visualized in the bar graphs. Yellow: upregulated in rnf2 mutants compared to wildtypes. Blue: 
downregulated in rnf2 mutants compared to wildtypes.
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6. Cardiac chamber idenƟ ty is disrupted in rnf2 mutants at 3 dpf
Recently, Hill et al. generated a hand-curated list of cardiac markers [38]. This list contains 
genes that are expressed in the developing heart and includes 26 annotaƟ ons about the 
funcƟ on and the locaƟ on of these genes. These 26 annotaƟ ons were studied for the gene 
expression changes of the genes falling into these categories. We used GSEA using the 
SingleHeartsRNA-sequencing results of 3 dpf hearts (Figure 6A). This analysis revealed that 
rnf2 mutant hearts are enriched for genes expressed in the atrioventricular canal (FDR q-val-
ue = 0.089; NES = 1.46) and for heart transcripƟ on factors (FDR q-value = 0.001; NES = 1.96; 
Figure 6A). These two annotaƟ ons show overlap in the genes they contain. Three transcrip-
Ɵ on factors that repress myocardial genes (tbx2a, tbx2b, and tbx3a) are present in the top 
four of transcripƟ on factor genes that are upregulated in rnf2 mutant hearts.
The GSEA using the 3 dpf SingleHeartsRNA-sequencing results addiƟ onally indicated an en-
richment for downregulaƟ on of structural genes (FDR q-value = 0.054; NES = -1.67; Figure 
6B) and myocardial genes (FDR q-value = 0.043; NES -1.62). The group of genes downregu-
lated upon the rnf2 mutaƟ on is enriched in structural genes such as: vmhc, Ʃ n.1, myh7ba, 
myh6, nppa, Ʃ n.2, mylk3, and camk2a (Figure 6B). Amongst the genes that are leading there 
are the markers for the working myocard nppa, the atrium marker myh6, and the ventricle 
marker vmhc. We analyzed the expression of nppa, myl7, myh6, and vmhc expression by 
SingleHeartsRNA-seq and addiƟ onally tested the spaƟ o-temporal expression of these genes 
by whole mount in situ hybridizaƟ on (WISH) (Figure 6C, Supplemental Figure 4). At 1 and 
2 dpf the expression diﬀ erences between wildtype and rnf2 mutant hearts for these four 
genes are relaƟ vely small. We found nppa and vmhc to be signiﬁ cantly downregulated in 
rnf2 mutant hearts at 1 dpf and 2 dpf, respecƟ vely. SingleHeartsRNA-seq results and WISH 
experiments at 3 dpf indicate that the expression of nppa, myh6, and vmhc is signiﬁ cantly 
decreased in rnf2 mutants (|Log2FC > 0|; padj < 0.01, Figure 6C).
Discussion
Rnf2 mutants show a pleiotropic phenotype
In this study zygoƟ c rnf2 mutant embryos (rnf2ibl31/ibl31) are used as a model for loss of PRC1 
and H2AK119ub [8,26]. These mutant embryos display defects in the maintenance of cellu-
lar idenƟ ty and organ integrity [8,26]. Rnf2 is the only catalyƟ c subunit of PRC1 in zebraﬁ sh 
and therefore disrupƟ ng Rnf2 is informaƟ ve of PRC1’s putaƟ ve role in zebraﬁ sh develop-
ment.
The rnf2 mutaƟ on results in a pleiotropic phenotype in zebraﬁ sh embryos at 3 dpf [8]. 
A mulƟ tude of genes and processes were described to be aﬀ ected upon the loss of Rnf2 
[8,26], however no genome-wide molecular expression datasets are available for these mu-
tants. Since Rnf2 is an epigeneƟ c modiﬁ er, ChIP-sequencing can give insight in its mode of 
acƟ on and RNA-sequencing can elucidate its downstream eﬀ ects. With bright ﬁ eld micros-
copy and WISH analyses we studied the rnf2 mutant phenotype on a global level. Next to 
the described phenotypes of rnf2 mutants [8,26], we observed a heart edema accompanied 
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Figure 6. Cardiac chamber idenƟ ty is disrupted in rnf2 mutants at 3 dpf. (6A) GSEA using the list of cardiac genes 
reported by Hill et al. [38] indicates that the group of transcripƟ on factors is signiﬁ cantly enriched in being up-
regulated in rnf2 mutant hearts at 3 dpf as detected by SingleHeartsRNA-seq (FDR q-value = 0.001; NES = 1.96). 
The leading transcripƟ on factors (n=9) are listed in the zoom of the GSEA plot. (6B) GSEA indicates the annotaƟ on 
‘Structural Group’ genes (n=23) to be enriched for downregulaƟ on upon the rnf2 mutaƟ on in hearts at 3 dpf. The 
leading genes (n=8) are listed in the zoom of the GSEA plot. FDR q-value = 0.054; NES = -1.67. (6C) Normalized 
counts as found by SingleHeartsRNA-seq for nppa, myl7, myh6, and vmhc at 3 dpf in wildtype and rnf2 mutant 
hearts with their accompanying whole mount in situ hybridizaƟ ons. Scale bar is 200 μm.
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by a tubular heart. WISH analyses suggest developmental organ defects of the intesƟ ne, 
pancreas, and liver at 3 dpf. If the observed diﬀ erences are due to organ defects, they could 
result from defects in diﬀ erenƟ aƟ on, cell proliferaƟ on, or Ɵ ssue maintenance, as well as a 
combinaƟ on of these three, as PcG proteins are described to play a role in these processes 
[45]. In this study we focused on heart development.
H3K27me3 is retained upon rnf2 mutaƟ on 
H2AK119ub, the mark deposited by PRC1, and more speciﬁ cally, by the enzymaƟ c subunit 
Rnf2, is described to stabilize H3K27me3 [9]. In addiƟ on, also a role for PRC1 in the recruit-
ment of PRC2 is proposed [12,13]. Therefore, loss of H3K27me3 was considered to occur in 
the absence of Rnf2. However, many studies also reported that the loss of PRC1 does not 
aﬀ ect H3K27me3 deposiƟ on [23,30–34]. We used our PRC1 null model (rnf2 mutants) to 
study this process in vivo and show that H3K27me3 deposiƟ on at 3 dpf is retained upon loss 
of Rnf2/PRC1, which is thus in line with the majority of these previous reports [23,30–34]. 
Based on our data one could even argue that the rnf2 mutaƟ on results in a slight increase in 
H3K27me3 levels. We study whole embryo lysates and therefore this slight increase can be 
due to more H3K27me3 deposiƟ on within the cell, however it can also be due to changes 
in the abundance of cells that repress these genes in an H3K27me3-mediated manner. This 
could also be the reason why we do not detect a loss of H3K27me3 in the absence of Rnf2, 
as changes in individual cells will be overshadowed by the signal detected in the bulk of all 
cells analyzed.
The rnf2 mutaƟ on results in derepression of genes decorated by Rnf2
A subset of genes was found to lose Rnf2-mediated repression and this subset was detected 
to be signiﬁ cantly upregulated in rnf2 mutants; however, they retain H3K27me3-mediated 
repression at the whole embryo lysate level. A potenƟ al explanaƟ on for gene upregulaƟ on, 
whilst they are decorated by H3K27me3, could be derived from the type of sample that has 
been used. The samples are lysates from whole embryos at 3 dpf, in which many cell types 
are present and the sequencing results give an average of the signal coming from across all 
those diﬀ erent cell types. Therefore, overall gene upregulaƟ on could be caused by cells in 
which these genes are not repressed by H3K27me3.
The role of epigeneƟ cs in heart development
The role of epigeneƟ cs in cardiac development has gained more aƩ enƟ on over the years, 
as reviewed by Vallaster et al., and Shirai et al. [46,47]. Zebraﬁ sh hearts are of high interest 
due to their regeneraƟ ve capacity and epigeneƟ cs is also implied to be important in this 
process, as reviewed Quaife-Ryan et al. [48]. Therefore, it is of essence to beƩ er under-
stand the role of epigeneƟ cs in heart Ɵ ssue speciﬁ caƟ on, maintenance, and regeneraƟ on. 
To unravel important regulators of cardiac development, studies have been performed that 
aimed to make a roadmap of the transcriptome and epigenome during myocardial diﬀ er-
enƟ aƟ on [49,50]. Other approaches focus on chromaƟ n remodelers and the idenƟ ﬁ caƟ on 
of enhancers to gain insight in the role of epigeneƟ cs in heart development [51,52]. Many 
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histone modiﬁ ers are described to play a role during cardiac development, such as histone 
deacetylases, HDACs [53,54], H3K4me3 methyltransferase [55], and also the PRC2-compo-
nent Ezh2 [56–58].
The PRC1-variant containing Mel18 was described to be essenƟ al for speciﬁ caƟ on of me-
sodermal cell fate, by prevenƟ ng alternaƟ ve lineage commitment [29]. In line with that, 
the PRC1-component Bmi1 was shown to act as a barrier during cardiac reprogramming 
in mouse cells [59]. InteresƟ ngly, a role in cardiac development in vivo for both Mel18 and 
Bmi1 has not been established [60,61]. That Mel18-PRC1 and Bmi1-PRC1 do not play a role 
in cardiac development does not exclude the possibility that any of the other PRC1 variants 
do. A role for Rnf2 in cardiac development has not been described in vivo, so far. In our cur-
rent study we show that depleƟ on of Rnf2 aﬀ ects heart morphology and gene expression 
during zebraﬁ sh development.
A study on H3K4me3 methyltransferases in zebraﬁ sh heart development has shown that a 
decrease in H3K4me3 results in a linear shaped heart, similar to the rnf2 mutants. However, 
in that study the heart markers myl7, vmhc, and myh6 were reported not to be aﬀ ected at 
2 dpf upon decrease of H3K4me3 [55]. This is in contrast to the rnf2 mutants, as we ob-
serve at 2 dpf signiﬁ cant downregulaƟ on of vmhc expression. A previous study from our lab 
using maternal zygoƟ c ezh2 mutants also shows a linear shaped heart upon the mutaƟ on 
of the catalyƟ c subunit of PRC2. Altogether, these results indicate that a similar phenotype 
can have diﬀ erent causes and diﬀ erent epigeneƟ c signatures, as both a loss of H3K4me3, 
H3K27me3, and H2AK119ub result in a linear shaped heart phenotype [55,58].
Repression of tbx-genes by Rnf2 is important for cardiac development 
At early stages (1 and 2 dpf) we found the expression of cardiac genes in rnf2 mutant hearts 
to be more or less similar to wildtype hearts, therefore we hypothesize that maternal rnf2 
RNA and Rnf2 protein are suﬃ  cient for correct cell speciﬁ caƟ on in the rnf2 mutants. On top 
of that, as most PcG proteins, Rnf2 is expected to be mostly involved in Ɵ ssues maintenance 
rather than Ɵ ssue speciﬁ caƟ on [8,19,23,26,58].
Since we observe an upregulaƟ on of tbx-genes in a system in which we mutate a transcrip-
Ɵ onal repressor, we analyzed our Rnf2 ChIP-seq results on whole embryo lysates and found 
that the tbx3a gene is bound by Rnf2 and decorated by H3K27me3 in the wildtype situaƟ on. 
This observaƟ on strongly hints towards Polycomb-mediated regulaƟ on of Tbx3. Literature 
describes that this is not zebraﬁ sh-speciﬁ c, since Pcl2 (PRC2 subunit) knock-out murine ESCs 
show an upregulaƟ on of Tbx3 [62]. Research has revealed that when Tbx2/3 forms a com-
plex with Gata and Nkx, it locally represses chamber myocardial gene expression and there-
by enhances the formaƟ on of the conducƟ on system [63]. Tbx2/3 are described to directly 
repress, amongst others, the myocardial gene nppa to allow for the formaƟ on of the con-
ducƟ ve system in the heart [64,65]. Zebraﬁ sh rnf2 mutants show a malformed heart and our 
3 dpf SingleHeartsRNA-seq dataset shows that nppa is signiﬁ cantly downregulated, which 
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we validated by WISH experiments. Tbx2/3 overexpression in mouse embryos results in a 
heart looping defect and the lack of cardiac chambers [66,67]. In these murine embryos the 
chamber-myocardial gene program is not correctly set up. InteresƟ ngly, the rnf2 mutant ze-
braﬁ sh embryos also show a heart in which the atrium and ventricle are not well developed.
Furthermore, Tbx5 competes with Tbx2/3 to form a complex with Nkx and Gata, and this 
complex has an acƟ vaƟ ng eﬀ ect on gene expression [66]. Early stages of rnf2 mutants show 
correct tbx5 levels, most likely due to the maternal load of rnf2 [8]. However, at 3 dpf we de-
tect tbx5a to be upregulated in the heart upon the rnf2 mutaƟ on and whole embryo lysate 
ChIP-seq indicates that the tbx5a gene is decorated by Rnf2 and H3K27me3. Overexpression 
of tbx5 in vitro has been reported to represses proliferaƟ on and cell growth [68], which 
is in line with our observaƟ ons. In contrast, rnf2 mutant zebraﬁ sh were reported to have 
greatly reduced expression of tbx5 at the pectoral ﬁ n mesenchyme, which is correlated to 
the absence of pectoral ﬁ ns in these mutants [8] and interesƟ ngly, the loss of Tbx5 has been 
reported to result in a stringy heart in zebraﬁ sh embryos [69].
These studies and our observaƟ ons indicate that Ɵ ght regulaƟ on of tbx2a, tbx2b, tbx3a, 
and tbx5a is required for proper heart development. Since three Tbx2/3 variants are over-
expressed in the rnf2 mutant heart to a larger extent than tbx5a, we suggest that overex-
pression of tbx2/3 is the main driver of the observed myocardial phenotype. We therefore 
postulate that the overall downregulaƟ on of myocardial genes is the result of inadequate 
acƟ vaƟ on or maintenance of the chamber-myocardial gene expression program, which re-
sults in defects in maintenance of cell idenƟ ty. Studies by others indicate that Rnf2 is an 
important player in the maintenance of Ɵ ssue integrity in a wide variety of systems, and the 
zebraﬁ sh data on single hearts from rnf2 mutants adds to this list [8,19,23,26]. We hypoth-
esize that the molecular pathway that allows for the formaƟ on of the conducƟ ve system is 
parƟ ally regulated by Rnf2 and that this ensures the correct balance in chamber and con-
ducƟ ve cell idenƟ ty within the heart. DisrupƟ on in this balance results in defects in cardiac 
development and funcƟ oning.
Materials and Methods
Zebraﬁ sh geneƟ cs and strains
Zebraﬁ sh (Danio rerio) were housed at 27.5°C in a 14/10h light/dark cycle. The evening before spawning, one male 
and one female were placed into a tank with a divider and the following morning, at the moment the light switched 
on, the ﬁ sh were placed together for breeding. Embryos were collected and staged according to Kimmel et al. [70]. 
The rnf2 ibl31/ibl31 zebraﬁ sh were out-crossed with wildtype (TLF) or with Tg(myl7::GFP) [8,36].
 
Genotyping
DNA was puriﬁ ed from embryos or from caudal ﬁ n Ɵ ssue, taken from anestheƟ zed adult zebraﬁ sh. Genotype analy-
sis was performed by PCR using the primer set forward: 5’-TCTAAGCGCTCTCTTCGTCCAGA-3’ and reverse: 5’-ACAA-
GAGGATTTGTAACAAAGCCG-3’, followed by digesƟ on of the PCR product with restricƟ on enzyme Taq1 to idenƟ fy 
the rnf2 ibl31/ibl31 allele [8].
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Whole mount in situ hybridizaƟ on
Dechorionated embryos were ﬁ xed overnight at 4°C in 4% PFA (Aurion, 151710) in PBST (PBS with 0.1% Tween-20), 
aŌ er which they were gradually transferred to and stored in 100% methanol. To prevent probe trapping, the heart 
edema of 3 dpf rnf2 mutant embryos was pierced with watchmaker forceps (INOX5). Embryos were treated with 
proteinase K. Whole mount in situ hybridizaƟ on was performed as described previously [71]. Trypsin and fabp10 
probes were generated by PCR from cDNA from 1 dpf wildtype embryos using the following primers: forward tryp-
sin CAGG CCCTTTAGTGAGGGTTAATT TGTCTGCTGCTCACTGGTAC; reverse trypsin CAGG TAATACGACTCACTATAGGG 
GTCCTTGCCTCCCTCCATAA. Forward fabp10 CAGG CCCTTTAGTGAGGGTTAATT GTTGAGCTTCTCCAGAAAGCATG, re-
verse fabp10 CAGG TAATACGACTCACTATAGGG GATCATGGTGGTTCCTCCGA. T7 polymerase was used to generate 
the anƟ -sense probes. AŌ er WISH the embryos were mounted in 4% methylcellulose and imaged by light micros-
copy on a Leica MZFLIII, equipped with a DFC450 camera. The embryos were genotyped aŌ er imaging.
 
Immunostainings
Dechorionated embryos were ﬁ xed overnight in 4% PFA in PBST at 4°C. AŌ er ﬁ xaƟ on, embryos were gradually 
transferred to and stored in 100% methanol. Before immunostaining embryos were transferred stepwise to PBST. 
Rabbit anƟ -Ring1b anƟ body from Cell Signaling Technology was used (RING1B Cell Signaling D22F2 1:4000). AnƟ -
body incubaƟ on was followed by a secondary anƟ body and subsequent DAB staining (EnVision+ System-HRP (DAB) 
k4010). The embryos were mounted in 4% methylcellulose and imaged by light microscopy on a Leica MZFLIII, 
equipped with a DFC450 camera. The embryos were genotyped aŌ er imaging.
ChIP-sequencing
Embryos from an rnf2 heterozygous incross were sorted for the rnf2 pleiotropic phenotype at 3 dpf. These phe-
notypical mutants are used for the rnf2 mutant sample. The rnf2 mutaƟ on has a 100% penetrance and no false 
posiƟ ves have been detected by genotyping aŌ er phenotypic screening. As controls we used a wildtype strain 
from the same geneƟ c background. Embryos of 3 dpf were ﬁ xed, deyolked, and homogenized using pestles and 
subsequently sonicated to release and isolate the chromaƟ n. ChromaƟ n was stored at -80°C. For spike-in exper-
iments zebraﬁ sh chromaƟ n was mixed with Drosophila spike-in chromaƟ n and incubated overnight with H2Aγ 
and RING1B anƟ bodies (H2Aγ AcƟ ve MoƟ f 104597; RING1B cell signaling D22F2) or with H2Aγ and H3K27me3 
anƟ bodies (H2Aγ AcƟ ve MoƟ f 104597; Millipore 07-449). AŌ er overnight anƟ body incubaƟ on, the chromaƟ n was 
extensively washed. The resulƟ ng ChIP-DNA was used as input for KAPA-HYPERprep library preparaƟ on. Libraries 
were paired-end sequenced (43 bp read-length) on an Illumina NextSeq500 plaƞ orm.
ChIP-sequencing analyses
In order to avoid biases due to diﬀ erences in the eﬃ  ciency of the sequencing runs, spike-in ChIP-seq reads were 
mapped to the Drosophila melanogaster genome v6 using bwa mem version 0.7.15 [72] with default seƫ  ngs. 
MulƟ mapping reads were excluded using samtools version 1.3.1 [73] and duplicated reads were removed with 
Picard  (hƩ p://broadinsƟ tute.github.io/picard/). Once we obtained the number of reads mapped per sample, we 
normalized them based on the sample of each experiment with lowest number of mapped reads, by removing 
random reads accordingly. AŌ er this, remaining ChIP-seq reads were mapped to the GRCz10/danRer10 using bwa 
mem version 0.7.15 [72] with default seƫ  ngs. MulƟ mapping reads were excluded using samtools version 1.3.1 
[73] and duplicated reads were removed with Picard (hƩ p://broadinsƟ tute.github.io/picard/). Peaks were called 
using MACS 2.1.1.20160309 [74] relaƟ ve to the input track using the opƟ ons -f BAMPE -g 1.3e9 -q 1e-2 --broad 
–broad-cutoﬀ  1e-1. Peaks 1kb or closer from each other were merged, and H3K27me3 peaks narrower than 100 
nt were discarded. IntersecƟ ng peaks were considered for replicates using GenomicRanges [75]. Peaks overlapping 
peaks called in the input track were excluded. Clustering of peaks was done using the union of the remaining peaks 
found in wildtype Rnf2 and H3K27me3 ChIPs and rnf2 mutant H3K27me3 ChIP, considering only those overlapping 
promoter regions (400 nt upstream – 100 nt downstream of the transcripƟ on start site). Clustering and visualiza-
Ɵ on of the peaks (i.e. heatmaps, bandplots and proﬁ les) was done using ﬂ uﬀ  version 2.1.3 [76]. GO term analysis 
for biological process on genes of cluster 3 was performed with Cytoscape 3.3.0 using the ClueGO 2.2.4 plugin with 
default seƫ  ngs. To reduce redundancy in biological process GO terms, GO term fusion and GO term grouping was 
applied and the groups were ploƩ ed with group p-value corrected with Bonferroni step down.
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Gene set enrichment analyses
For whole embryo lysates, gene set enrichment analyses were performed using the GSEA soŌ ware version 3.0 
from the Broad InsƟ tute [77] using default parameters, comparing gene counts from rnf2 mutants and wildtypes, 
normalized with DESeq2 1.28.0 [78]. As gene sets, genes belonging to the promoter regions of the ﬁ ve diﬀ erent 
clusters were considered. For single hearts, gene counts from 3 dpf wildtype and rnf2 mutant samples were com-
pared aŌ er data normalizaƟ on with Monocle version 2.4.0 [79]. As gene sets, a hand-curated list of heart markers 
[38] classiﬁ ed by “AnnotaƟ on” was used.
RNA-sequencing of whole embryo lysates
Embryos from an rnf2 heterozygous incross were sorted for the rnf2 phenotype at 3 dpf. These phenotypical mu-
tants are used for the rnf2 mutant sample. As controls a wildtype strain from the same geneƟ c background was 
used. Embryos of 3 dpf were homogenized in TRIzol and the ZYMO RNA microprep kit was used to isolate RNA 
and treat the samples with DNAseI. rRNA was depleted using the Illumina RiboZero kit, followed by fragmenta-
Ɵ on, cDNA synthesis, and KAPA-HYPERprep library preparaƟ on. Libraries were paired-end sequenced (43 bp read-
length) on an Illumina NextSeq500 plaƞ orm.
RNA-sequencing analyses
RNA-seq reads were mapped to the D. rerio genome (GRCz10/danRer10) with the Ensembl gene annotaƟ on v87 
using STAR [80] version 2.5.2b with default parameters and –quantMode on “GeneCounts” to obtain quanƟ ﬁ caƟ on 
of expression levels. Analysis of diﬀ erenƟ ally expressed genes was done with DESeq2 1.28.0 [78] aŌ er removing 
the batch eﬀ ect on all samples with RUVSeq 1.10.0 [81].
Fluorescent imaging
Embryos from a Tg(myl7::GFP);rnf2 heterozygous incross were anaestheƟ zed in MS-222 and embedded in 1.5% 
low-melƟ ng-point agarose (Sigma). The embryos were imaged by light microscopy on a Leica MZFLIII, equipped 
with a DFC450 camera. The embryos were genotyped aŌ er imaging.
SPIM-imaging
Embryos from a Tg(myl7::GFP)_rnf2 heterozygous incross were injected with α-Bungarotoxin at the one-cell stage 
[82]. As controls we used embryos from a Tg(myl7::GFP) incross, which were also injected with α-Bungarotoxin at 
the one-cell stage [82]. At 1 dpf the embryos were embedded for SPIM imaging in 1.5% low-melƟ ng-point aga-
rose (Sigma) in FEP tubes (Bola, S1815-04). We used the custom build mulƟ direcƟ onal selecƟ ve plane illuminaƟ on 
microscopy (mSPIM) as described before [83]. Photos were taken with a 20-minute interval and the images were 
synchronized. The stages in which both the ventricle and atrium are dilated were used for data visualizaƟ on by 
Imaris soŌ ware (bitmap). The embryos were genotyped aŌ er imaging.
SingleHeartsRNA-sequencing
Hearts were manually dissected from 1, 2, or 3 dpf Tg(myl7::GFP) posiƟ ve embryos from an rnf2 heterozygous 
incross using watchmaker forceps (INOX5) and placed into Eppendorf LoBind tubes with TRIzol (Ambion), rapidly 
frozen in liquid nitrogen, and stored at -80°C prior to further processing. The remainder of the embryos was in-
dividually collected in methanol and used for genotyping. RNA was extracted from the wildtype and rnf2 mutant 
hearts using TRIzol reagent (Ambion) according to the manufacturer’s manual. AŌ er RNA extracƟ on, pellets were 
resuspended with barcoded primers. Primers consisted of a 24 bp polyT stretch, a 4 bp random barcode, a unique 8 
bp sample-speciﬁ c barcode, the 50 Illumina adaptor (as used in the TruSeq small RNA kit), and a T7 promoter for in 
vitro transcripƟ on [84]. The RNA samples were subsequently reverse transcribed, pooled, and in vitro transcribed 
for linear ampliﬁ caƟ on with the MessageAmpII kit (Ambion) according to the CEL-seq protocol [42]. Illumina se-
quencing libraries were prepared with the TruSeq small RNA sample prep kit (Illumina) and sequenced single-end 
at 75 bp read length on an Illumina NextSeq500 instrument.
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SingleHeartsRNA-sequencing analyses
Raw reads were processed to obtain expression levels following the pipeline designed for the CEL-Seq method [42] 
using the scripts available at hƩ ps://github.com/yanailab/CEL-Seq-pipeline. Data normalizaƟ on and diﬀ erenƟ al 
gene expression analyses were done with Monocle version 2.4.0 [79]. Samples were ﬁ ltered according to +/-2 SD 
cut-oﬀ  in the amounts of mRNA that is detected in the sample aŌ er log transformaƟ on. Genes expressed in at least 
25% of the samples at a given developmental stage were used for diﬀ erenƟ al gene expression analysis and GSEA.
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Supplemental Material
Supplementary Figures
Supplemental Figure 1. ZygoƟ c rnf2 mutants lack Rnf2 protein. Lateral and dorsal view of immunostaining for Rnf2 
at 2 dpf on rnf2 mutants and wildtype siblings. Brown (DAB) staining is visible anteriorly, dorsally, and in intesƟ nal 
Ɵ ssue (arrow) in wildtype embryos and is absent in rnf2 mutants. Scale bar is 1 mm.
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Supplemental Figure 2. Quality check of the RNA-sequencing results and transcript levels of organ markers. 
(2A) Hierarchical clustering based on the Euclidian Distances of 8 replicates of wildtype embryos at 3 dpf and 7 
replicates of rnf2 mutant embryos at 3 dpf. (2B) Boxplots comparing the normalized counts as detected by RNA-se-
quencing for fabp2, fabp10, try, and myl7 in wildtype and rnf2 mutant embryos at 3 dpf.
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Supplemental Figure 3. Sample ﬁ ltering and quality assessment of replicates of SingleHeartsRNA-seq. (3A) The 
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Abstract
Polycomb group (PcG) proteins are transcripƟ onal repressors of numerous genes, many of 
which regulate cell cycle progression or developmental processes. We used zebraﬁ sh to 
study Enhancer of zeste homolog 2 (Ezh2), the PcG protein responsible for placing the tran-
scripƟ onal repressive H3K27me3 mark. We idenƟ ﬁ ed a nonsense mutant of ezh2 and gener-
ated maternal zygoƟ c (MZ) ezh2 mutant embryos. In contrast to knockout mice for PcG pro-
teins, MZezh2 mutant embryos gastrulate seemingly normally, but die around 2 days post 
ferƟ lizaƟ on displaying pleiotropic phenotypes. Expression analyses indicated that genes 
important for early development are not turned oﬀ  properly, revealing a regulatory role for 
Ezh2 during zygoƟ c gene expression. In addiƟ on, we suggest that Ezh2 regulates maternal 
mRNA loading of zygotes. Analyses of Ɵ ssues arising later in development, such as heart, liv-
er, and pancreas, indicated that Ezh2 is required for maintenance of diﬀ erenƟ ated cell fates.
Our data imply that the primary role of Ezh2 is to maintain Ɵ ssues aŌ er Ɵ ssue speciﬁ caƟ on. 
Furthermore, our work indicates that Ezh2 is essenƟ al to sustain Ɵ ssue integrity and to set 
up proper maternal mRNA contribuƟ on, and presents a novel and powerful tool to study 
how PcG proteins contribute to early vertebrate development.
IntroducƟ on
Early development of mulƟ -cellular organisms is a highly dynamic process requiring an ex-
quisite and Ɵ ght control over establishment and maintenance of cellular idenƟ ty. Deregula-
Ɵ on of these processes can lead to malformaƟ ons or disease. Hence, a proper understand-
ing of both cellular diﬀ erenƟ aƟ on and maintenance of cell fate is relevant in many diﬀ erent 
seƫ  ngs. To enable proper cellular speciﬁ caƟ on, expression proﬁ les have to become spa-
Ɵ ally and temporally restricted during development. Because every cell in theory has the 
same DNA content gene expression has to be determined at a higher order of regulaƟ on. 
This is in part achieved by chromaƟ n: the complex of DNA wrapped around an octamer of 
histones plus associated proteins. The histone-octamer contains histones H2A, H2B, H3, and 
H4, which can be post-translaƟ onally modiﬁ ed1. In addiƟ on, DNA itself can be modiﬁ ed by 
methylaƟ on2. The combinaƟ on of modiﬁ caƟ ons, someƟ mes also referred to as the epig-
enome, is thought to determine the accessibility and transcripƟ onal acƟ vity of DNA. 
One of the protein complexes aﬀ ecƟ ng chromaƟ n modiﬁ caƟ ons is the well-conserved 
Polycomb group (PcG) complex that was ﬁ rst idenƟ ﬁ ed in Drosophila. PcG proteins repress 
gene expression by deposiƟ ng repressive histone marks, H3K27me3, and H2AK119Ub3. 
Well-known targets of PcG proteins are Hox genes4. Pioneering work established that PcG 
proteins are essenƟ al for proper paƩ erning during early embryogenesis. In addiƟ on, it is 
proposed that PcG proteins are essenƟ al to balance pluripotency and diﬀ erenƟ aƟ on poten-
Ɵ al of stem cells5-8. Besides a role in early embryogenesis, PcG proteins are important for 
Ɵ ssue-speciﬁ c development9-12.
PcG proteins are basically found in two complexes, Polycomb Repressive Complex 1 (PRC1) 
and PRC2. PRC2 contains Enhancer of Zeste Homolog 2 or 1 (EZH2/EZH1), Embryonic Ecto-
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derm Development (EED), and Suppressor of Zeste 12 (SUZ12). In the canonical Polycomb 
pathway PRC2 is recruited to chromaƟ n before PRC1. EZH2 has a catalyƟ cally acƟ ve SET 
domain that places the repressive H3K27me3 mark. EZH1 also has methyltransferase acƟ v-
ity, although less than EZH213, and is postulated to complement the funcƟ on of EZH214. In 
addiƟ on, EZH2 is thought to act during proliferaƟ on, whereas EZH1 operates more in diﬀ er-
enƟ ated cells15. Following H3K27 tri-methylaƟ on, PRC1 is recruited, allowing the PRC1 com-
ponent RING1 to ubiquitylate lysine 119 of histone H2A, stabilizing the repressive mark3. 
However, recent studies implicate that PRC1 is also acƟ ve in the absence of PRC216. In addi-
Ɵ on, it was shown that PRC1 can promote H3K27 methylaƟ on via a posiƟ ve feedback loop17.
Most PcG mouse mutants display pre-gastrulaƟ on embryonic lethality5,18,19. In mice, both 
homologs of RING1, Ring1 and Rnf2, are essenƟ al for development of primordial germ cells. 
During oogenesis Ring1 and Rnf2 serve redundant transcripƟ onal funcƟ ons, which are es-
senƟ al for proper zygoƟ c genome acƟ vaƟ on (ZGA). Mutant embryos fail to acƟ vate gene 
transcripƟ on and loss of Ring1 and Rnf2 has an eﬀ ect on development-associated genes20,21. 
Although it is clear from published work that PcG proteins are involved in conserved pro-
cesses that are essenƟ al for organismal funcƟ oning, many criƟ cal quesƟ ons remain un-
answered. For instance, it is not known what their role is during early development of a 
vertebrate system, a quesƟ on that can be well addressed in zebraﬁ sh. PcG proteins are 
conserved in zebraﬁ sh as well as their accompanying epigeneƟ c marks. Before ZGA, which 
starts around mid-blastula transiƟ on (MBT, 3.3 hours post ferƟ lizaƟ on) and is accompanied 
by degradaƟ on of maternal transcripts22-25, levels of H3K4me3 (a mark associated with ac-
Ɵ ve gene transcripƟ on) and H3K27me3 are low. From MBT onwards, the number of genes 
harboring H3K4me3 increases, which is followed by an increase of RNA Polymerase II oc-
cupancy. At the same Ɵ me the number of genes marked with H3K27me3 slowly increases, 
suggesƟ ng a balance between gene acƟ vaƟ on and gene repression25-27. This also implies that 
H3K4me3 and H3K27me3 are important during early embryonic development, presumably 
for cell fate speciﬁ caƟ on or maintenance. A hint for this comes from rnf2 mutant zebraﬁ sh 
embryos that die around 4-5 days post ferƟ lizaƟ on (dpf), a Ɵ me at which organogenesis is 
normally completed, displaying defects in pectoral ﬁ n development28.
In this study we generated maternal zygoƟ c mutants for ezh2 to determine the role of Ezh2 
during embryonic development. This unique model system makes it possible to obtain de-
tailed informaƟ on about the funcƟ on of Ezh2 during early development. Our data show 
that Ezh2 is dispensable for gastrulaƟ on and Ɵ ssue speciﬁ caƟ on in zebraﬁ sh, despite major 
overall changes in gene expression, a ﬁ nding that contrasts phenotypes observed in mice. 
Furthermore, our data indicate that Ezh2 is required for Ɵ ssue maintenance in at least three 
diﬀ erent organs.
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Results
Ezh2 is conserved in zebraﬁ sh
The Polycomb group protein Ezh2 is conserved between many species (Fig. 1a and Supple-
mentary Fig. S1). In vertebrates, Ezh2 has a WD repeat domain at the N-terminus, which is 
implicated in binding Eed and Suz12 (Fig. 1A). In addiƟ on, the protein contains a SET domain 
at the C-terminus, which has histone methyltransferase acƟ vity. In contrast to the WD re-
peat domain, the SET domain is also present in invertebrate species. 
When analyzing the mRNA expression proﬁ le of ezh2 in zebraﬁ sh we found that ezh2 mRNA 
is maternally loaded into the embryo, as we can detect it already at the two-cell stage (Fig. 
1B), however Ezh2 protein does not seem to be maternally provided and is only visible aŌ er 
zygoƟ c acƟ vaƟ on (Supplementary Fig. S2). During further early stages of development ezh2 
mRNA is expressed ubiquitously, but becomes more restricted later during development. 
At 3 dpf ezh2 expression is restricted to the tectum, mid-hindbrain region, eyes, branchial 
arches, and gut (Fig. 1B). 
Danio rerio 760AA
746AAMus musculus
Homo sapiens 746AA
Drosophila melanogaster 760AA
A WD SET
B
2 cells 30% epiboly 1 dpf
2 dpf 3 dpf
ezh2
2 dpf 3 dpf
Fig. 1. The Polycomb group protein Ezh2 is conserved in zebraﬁ sh and ezh2 mRNA is maternally provided in 
zebraﬁ sh embryos. A. SchemaƟ c representaƟ on of Ezh2 orthologs in zebraﬁ sh, human, mouse, and Drosophila. 
Detailed alignments (Supplementary Fig. S1) show high conservaƟ on between the diﬀ erent species. This is 85% and 
86% between zebraﬁ sh and human and mouse, respecƟ vely. Black boxes indicate the locaƟ on of the SET domain. 
Grey boxes indicate the locaƟ on of the WD domain. B. In situ hybridizaƟ on for ezh2 at 2 cells, 30% epiboly, 1, 2, and 
3 dpf. ezh2 mRNA is maternally provided and at 2 and 3 dpf it is expressed in the pectoral ﬁ ns, gut, tectum, eye, 
mid-hindbrain region, and the branchial arches (arrow heads). Scale bar is 200 μm.
GeneraƟ on of maternal zygoƟ c ezh2 mutants
From an ENU-mutagenized library, a pre-mature stop mutaƟ on in ezh2 (hu5670) was idenƟ -
ﬁ ed (Supplementary Fig. S1)29. As shown in Figure 1B, ezh2 mRNA is maternally provided. To 
study the eﬀ ect of a complete loss of Ezh2 funcƟ on on early development, we addiƟ onally 
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eliminated the maternally provided ezh2 mRNA. In zebraﬁ sh, this can be achieved through 
germ cell transplantaƟ ons (Fig. 2A)30. Surprisingly, we were able to generate ferƟ le males 
and females carrying ezh2 mutant germ cells. In situ hybridizaƟ on for ezh2 showed that ma-
ternal contribuƟ on as well as zygoƟ c expression of ezh2 was indeed lost in maternal zygoƟ c 
ezh2 (MZezh2) mutants (Fig. 2B). In heterozygous siblings maternal transcripts are also ab-
sent, while zygoƟ c expression of ezh2 mRNA is present at around 50% epiboly (Fig. 2B). We 
subsequently invesƟ gated the presence of Ezh2 and H3K27me3 by immunohistochemistry. 
At 1 dpf Ezh2 and H3K27me3 are clearly detectable in wildtype embryos, while both are un-
detectable in MZezh2 mutants (Fig. 2C, D). Together these data indicate that ezh2(hu5670) 
is a strong loss of funcƟ on allele.
Since hox, pax, and shh genes are well-known targets of PcG proteins, we invesƟ gated 
whether these transcripts were diﬀ erenƟ ally expressed in MZezh2 mutants. Indeed, the 
clear boundary of hoxa9b expression is shiŌ ed anteriorly in MZezh2 mutant embryos at 1 
dpf (Fig. 2E, Supplementary Fig. S2). In addiƟ on, expression of pax2 was no longer restricted 
to the opƟ c stalk, but was present in the enƟ re eye. Expression of shh was also observed 
outside the regular boundaries of expression at 1 dpf. At 2 dpf shh expression was prolonged 
and sƟ ll visible in the notochord in MZezh2 mutants, while this is not observed in hetero-
zygous siblings. InteresƟ ngly, zebraﬁ sh embryos that lack maternal ezh2, but do express 
zygoƟ c ezh2, display normal spaƟ otemporal expression paƩ erns for hoxa9b, pax2, and shh 
(Fig. 2E)28,31,32, indicaƟ ng that zygoƟ c ezh2 expression can rescue the loss of maternal ezh2 
during embryonic paƩ erning. Consistent with this, animals lacking only maternally provided 
ezh2 are viable and ferƟ le (data not shown). 
MZezh2 mutant embryos complete gastrulaƟ on and appear to have a normal gross body 
plan at 1 dpf (Fig. 3A). However, these embryos seem to lack a clear mid-hindbrain bound-
ary, even though pax2 expression is present at this region (Fig 2E). At 2 dpf MZezh2 mutant 
embryos display a pleiotropic phenotype, including small eyes, accumulaƟ on of blood near 
the yolk extension, a stringy heart, heart edema, and absence of pectoral ﬁ ns (Fig. 3A). 
To determine whether these phenotypes are caused by the loss of ezh2, ezh2 mRNA was 
injected into one-cell-stage MZezh2 mutants and heterozygous siblings. At 2 dpf, ezh2 
mRNA-injected MZezh2 mutants were phenotypically indisƟ nguishable from the heterozy-
gous siblings, evidenced by normally sized eyes and normal circulaƟ on of the blood (Fig. 
3B). This indicates that the observed pleiotropic phenotype is a speciﬁ c result from the loss 
of ezh2.
Since Ezh1 could potenƟ ally take over part of the funcƟ on of Ezh2, we addressed the expres-
sion of ezh1. UnƟ l 1 dpf we could not detect ezh1 by qPCR in MZezh2 mutants and wildtype 
control embryos (Fig. 3C), indicaƟ ng that during the ﬁ rst 24 hours of development, MZezh2 
mutants most likely lack all H3K27 trimethylaƟ on acƟ vity. 
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To gain informaƟ on about developmental processes in the MZezh2 mutants, we performed 
spaƟ otemporal expression analyses for eng1 (muscle pioneer marker), myoD (myogenic dif-
ferenƟ aƟ on marker), ntl (mesodermal marker), and krox20 (neural marker). eng1, myoD, 
and ntl all show expression paƩ erns comparable to expression in heterozygous sibling and 
wildtype embryos at 1 dpf (Fig. 3D, E, Supplementary Fig. S2)33, indicaƟ ng that muscle Ɵ s-
sue is formed and can diﬀ erenƟ ate in MZezh2 mutants. However, like for shh we observed 
sustained expression of ntl in the notochord of MZezh2 mutant embryos at 2 dpf (Fig. 3E), 
which was not observed in heterozygous siblings and wildtype embryos (Fig. 3E, Supple-
mentary Fig. S2). In addiƟ on, expression of krox20 appeared to be less prominent in both 
rhombomere 3 and 5 in MZezh2 mutant embryos compared to heterozygous siblings and 
wildtype embryos (Fig. 3E, Supplementary Fig. S2).
These data surprisingly demonstrate that various cellular lineages are properly speciﬁ ed in 
absence of Ezh2 acƟ vity. InteresƟ ngly, soon aŌ er the body plan has been established, Ezh2 
is required for further diﬀ erenƟ aƟ on of cells in diﬀ erent Ɵ ssues. 
Ezh2 aﬀ ects the load of maternal mRNA in zygotes
The above results clearly demonstrate that ezh2 is maternally provided and indicate that it 
has profound eﬀ ects on zebraﬁ sh development, even though MZezh2 mutant embryos sur-
vive gastrulaƟ on and are able to develop a grossly normal body plan. Given that ZGA occurs 
around MBT, maternally provided ezh2 may aﬀ ect gene expression during the ﬁ rst hours of 
development or in the oocyte, while resulƟ ng in detectable phenotypes much later. 
To address this we analyzed gene expression in wildtype and MZezh2 mutant embryos 
at 0 hpf (zygote) and 3.3 hpf (MBT) using an Agilent 4x44K array (Fig. 4A). We idenƟ ﬁ ed 
Fig. 2. Maternal zygoƟ c ezh2 mutant embryos lack Ezh2 and H3K27me3, and show aberrant hox, pax, and shh 
gene expression. A. SchemaƟ c representaƟ on of germline transplantaƟ on at sphere stage to obtain germline mu-
tant zebraﬁ sh. The progeny are maternal zygoƟ c ezh2 mutant embryos (MZezh2hu5670/hu5670). B. In situ hybridizaƟ on 
for ezh2 mRNA shows maternal contribuƟ on of ezh2 as well as zygoƟ c expression in wildtype embryos. Maternal 
contribuƟ on of ezh2 is lost (3 hpf) in MZezh2hu5670/+ and MZezh2hu5670/hu5670 embryos. ZygoƟ c ezh2 expression (30% 
epiboly) is also lost in MZezh2hu5670/hu5670. Scale bar is 200 μm. C. Immunostaining for Ezh2 in wildtype and MZezh-
2hu5670/hu5670 embryos at 1 dpf. Ezh2 shows representaƟ ve nuclear localizaƟ on in the forebrain of wildtype embryos 
and is lost in MZezh2hu5670/hu5670 embryos. Scale bar is 10 μm. D. Immunostaining for H3K27me3 in wildtype and 
MZezh2hu5670/hu5670 embryos at 1 dpf. H3K27me3 shows representaƟ ve nuclear localizaƟ on in the tail of wildtype em-
bryos and is lost in MZezh2hu5670/hu5670 embryos. Scale bar is 10 μm. E. In situ hybridizaƟ on for hoxa9b, pax2, and shh 
mRNA in MZezh2hu5670/+ and MZezh2hu5670/hu5670 embryos at 1 and 2 dpf. In MZezh2hu5670/+ embryos a clear boundary 
of hoxa9b expression is visible (arrow head) as well as expression in the pectoral ﬁ n buds (arrows). Expression is 
shiŌ ed to anterior in MZezh2hu5670/hu5670 embryos (arrow head). The expression paƩ ern of hoxa9b in MZezh2hu5670/+ 
resembles that of wildtype embryos54. Scale bar is 200 μm. In MZezh2hu5670/+ embryos expression of pax2 is normal 
and amongst others restricted to the opƟ c stalk, mid-hindbrain boundary, and the spinal cord neurons32. Expression 
in the opƟ c stalk is spread throughout the eye in MZezh2hu5670/hu5670 embryos. Expression of shh is comparable to 
wildtype embryos in MZezh2hu5670/+ embryos at 1 and 2 dpf31. In MZezh2hu5670/hu5670 embryos, expression of shh is out-
side the regular boundaries in the head region (arrow head) at 1 dpf and is sƟ ll present at 2 dpf in the notochord, in 
contrast to MZezh2hu5670/+ embryos (arrow head). Scale bar is 500 μm. The numbers indicate the number of embryos 
with the displayed phenotype compared to the total number of embryos analyzed.
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Fig. 3. Maternal zygoƟ c ezh2 mutants form a normal body plan and display a pleiotropic phenotype at 2 dpf. A. 
MZezh2hu5670/hu5670 appear relaƟ vely normal at 1 dpf, although a clear mid-hindbrain boundary appears to be absent 
(arrow head). They display a pleiotropic phenotype at 2 dpf, having small eyes, a stringy heart, and blood accumu-
laƟ on (arrow heads). MZezh2hu5670/+ show normal development. B. The pleiotropic phenotypes of MZezh2hu5670/hu5670 
can be rescued by injecƟ on of full-length ezh2 mRNA (300 pg). The numbers indicate the number of embryos with 
the displayed phenotype compared to the total number of embryos injected in two experiments. C. Expression 
analysis of ezh1 and ezh2 in wildtype and MZezh2hu5670/hu5670 embryos at 0 hpf, 3.3 hpf, and 1 dpf. Expression of ezh1 
is not detectable in MZezh2hu5670/hu5670 embryos and wildtype embryos at 0 hpf, 3.3 hpf, and 1 dpf. ezh1 is expressed 
in wildtype control embryos at 5 dpf. ezh2 is expressed in wildtype embryos at 0 hpf, 3.3 hpf, 1 dpf, and 5 dpf, 
showing a decrease in expression over Ɵ me. ezh2 expression cannot be detected in MZezh2hu5670/hu5670 embryos. Rel-
aƟ ve expression was calculated based on expression of housekeeping genes β-acƟ n and ef1α. Error bars represent 
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pronounced diﬀ erences in gene expression between wildtype and MZezh2 mutant zygotes 
already at 0 and 3.3 hpf (Fig. 4B). Overall, 654 genes are >2-fold higher expressed in MZezh2 
mutants versus wildtype and 627 genes are >2-fold lower expressed (Fig. 4b, p<0.01) at 0 
hpf. In addiƟ on, 625 genes are upregulated and 206 downregulated in MZezh2 mutants 
versus wildtype at 3.3 hpf (>2-fold, p<0.01, Fig. 4B). The diﬀ erenƟ ally expressed genes were 
divided into 6 clusters using pam with the Euclidean distance metric (Fig. 4b). Clusters 1A 
and 4A – 6A contain genes that are upregulated in MZezh2 mutant embryos compared to 
wildtype embryos at 0 hpf and 3.3 hpf. (Fig. 4B, Supplementary Fig. S3). To idenƟ fy enriched 
biological themes (parƟ cularly GO terms) among these genes, we performed DAVID anal-
ysis. We idenƟ ﬁ ed signiﬁ cant enriched gene funcƟ ons in cluster 1A, 3A, 5A, and 6A. This 
analysis indicated that genes upregulated in MZezh2 mutants compared to wildtype (cluster 
1A, 5A, and 6A) are overrepresented for developmental gene funcƟ ons (Fig. 4C), including 
previously described Ezh2 targets like hox, pax, and tbx (Supplementary Table S1). Genes 
that are downregulated in MZezh2 mutants compared to wildtype embryos (cluster 3A) are 
enriched for biological themes including organelle lumen, nucleolus, and isomerase. 
Since a clear myocardial phenotype in the MZezh2 mutants was observed, the expression of 
myocardial genes was analyzed in more detail. At both 0 hpf and 3.3 hpf we detected a ten-
dency for myocardial markers to be higher expressed in MZezh2 mutant embryos compared 
to wildtype embryos (Supplementary Fig. S4).
To determine whether the diﬀ erenƟ ally regulated genes in MZezh2 mutants are indeed 
enriched for Ezh2 targets, we compared the genes that are up- and downregulated be-
tween MZezh2 mutant and wildtype embryos at 0 hpf and 3.3 hpf with previously published 
ChIP-sequencing data for H3K27me3 at 24 hpf34. We observed that the genes that are up-
regulated in MZezh2 mutants at 0 hpf and 3.3 hpf are enriched for H3K27me3 peaks under 
normal condiƟ ons (Fig. 4D, E), while such enrichment is not seen for downregulated genes, 
This suggests that upregulaƟ on is due to direct eﬀ ect of loss of Ezh2 acƟ vity and that down-
regulaƟ on most likely stems from indirect eﬀ ects.
We hypothesize that ezh2 is involved in placing epigeneƟ c signatures during oogenesis that 
in turn are translated into the establishment of a proper maternal mRNA load of the zygote. 
This includes mRNAs that do not have a clear role within the oocyte itself, but only funcƟ on 
aŌ er ferƟ lizaƟ on, and emphasizes the importance of ezh2 in transmiƫ  ng epigeneƟ c infor-
maƟ on through the transmission of maternal mRNAs.
standard deviaƟ on. n.d. is not done. D. In situ hybridizaƟ on for eng1 (muscle pioneer marker) and myoD (somite 
marker) at 1 dpf in MZezh2hu5670/hu5670 embryos and MZezh2hu5670/+. Both eng1 and myoD are normally expressed in 
MZezh2hu5670/hu5670 and MZezh2hu5670/+. Scale bar is 500 μm. E. In situ hybridizaƟ on for ntl at 1 dpf shows no diﬀ erence 
in spaƟ otemporal expression between MZezh2hu5670/hu5670 embryos and the heterozygous siblings. At 2 dpf in situ 
hybridizaƟ on for ntl showed expression in the notochord of MZezh2hu5670/hu5670 embryos, whereas this is not visible 
in MZezh2hu5670/+ (arrow head). In situ hybridizaƟ on for krox20 at 1 dpf showed normal expression in MZezh2hu5670/+, 
but reduced expression in rhombomeres 3 and 5 in MZezh2hu5670/hu5670 embryos (arrow heads). Scale bar is 500 μm 
for lateral views and 250 μm for dorsal view of krox20 expression. The numbers indicate the number of embryos 
with the displayed phenotype compared to the total number of embryos analyzed.
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Ezh2 aﬀ ects gene expression during early embryonic development
In order to determine how gene expression is regulated over Ɵ me, we conƟ nued to assess 
how gene expression changes between 0 hpf and 3.3 hpf, and how this is aﬀ ected in MZezh2 
mutant embryos (Fig. 4F, Supplementary Fig. S3). Overall, the changes in gene expression 
seem to follow the same paƩ ern from 0 hpf to 3.3 hpf in both wildtype and MZezh2 mutant 
embryos. However, a proporƟ on of transcripts in cluster 1B are downregulated over Ɵ me 
in wildtype embryos but not in MZezh2 mutant embryos. In addiƟ on, transcripts in cluster 
2B show liƩ le change in expression in wildtype embryos between 0 hpf and 3.3 hpf, while 
they become more abundant at 3.3 hpf compared to 0 hpf in MZezh2 mutants (Fig. 4F Sup-
plementary Fig. S3). This suggests that expression of genes in clusters 1B and 2B is normally 
controlled in a temporal manner by Ezh2. Furthermore, genes in cluster 3B and 6B are up-
regulated in both wildtype and MZezh2 mutants from 0 hpf to 3.3 hpf, but the diﬀ erence in 
expression is larger in MZezh2 mutants.
We performed DAVID analysis on these genes to idenƟ fy enriched biological themes on 
genes that are diﬀ erently expressed between 0 hpf and 3.3 hpf in wildtype and MZezh2 mu-
tants (Fig. 4G). We only idenƟ ﬁ ed signiﬁ cantly enriched gene funcƟ ons in cluster 3B and 6B 
(Fig. 4G). As indicated above, both clusters are more upregulated in MZezh2 mutants com-
pared to wildtype embryos at 3.3 hpf and are therefore potenƟ al targets of Ezh2. Genes in 
these clusters are involved in nucleolus, nuclear lumen, non-membrane bounded organelle, 
transcripƟ on factor acƟ vity, sequence-speciﬁ c binding, and also include homeobox genes 
(Supplementary Table S2).  
Together, these analyses reveal that Ezh2 not only dictates the maternal load of mRNAs, but 
also aﬀ ects the transcripƟ on of genes during early embryonic development.
Fig. 4. Gene expression analysis of maternal zygoƟ c ezh2 mutants. A. SchemaƟ c overview of samples that were 
used for microarrays and the subsequent workﬂ ow. B. Boxplots of gene expression levels (log2) for genes in cluster 
1A – 6A, comparing genes that are signiﬁ cantly diﬀ erently expressed between wildtype versus MZezh2hu5670/hu5670 
embryos at 0 hpf and 3.3 hpf. In comparison, expression level (log2) of housekeeping genes actb, eef1a1, and tuba 
is between 7.3 and 9.3. The mean expression (log2) of the array is between 9.5 and 10.1. C. DAVID analysis on genes 
diﬀ erently expressed between MZezh2 hu5670/hu5670 and wildtype embryos at 0 hpf and 3.3 hpf. The fold enrichment of 
diﬀ erent terms is shown for the diﬀ erent clusters shown in Fig. 4b (Bonferroni corrected p-value <0.1). D. Bandplots 
of H3K27me3 ChIP-sequencing showing presence of H3K27me3 at genes that are signiﬁ cantly (>2-fold, p<0.01) up- 
or downregulated in MZezh2hu5670/hu5670 versus wildtype embryos at 0 hpf. The graphs show transcripƟ on start site 
± 20 kb. The leŌ  panel shows the intensity distribuƟ on of the H3K27me3 peaks in wildtype embryos at 24 hpf. The 
mean of the median is depicted as a black line, 50% is red, and 90% is pink. E. Bandplots like in Fig. 4D for genes that 
are signiﬁ cantly up- or downregulated in MZezh2 mutant versus wildtype embryos at 3.3 hpf. F. Boxplots of gene 
expression levels (log2) for genes in cluster 1B – 6B (Supplementary Fig. S4), comparing genes that are signiﬁ cantly 
diﬀ erently expressed between 0 hpf versus 3.3 hpf in wildtype and MZezh2hu5670/hu5670 embryos. G. DAVID analysis 
on genes diﬀ erently expressed between 3.3 hpf and 0 hpf in MZezh2hu5670/hu5670 and wildtype embryos. The fold en-
richment of diﬀ erent terms is shown for the diﬀ erent clusters shown in Fig. 4F (Bonferroni corrected p-value <0.1).
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Expression of myocardial markers in MZezh2 mutants
Next, we aimed to beƩ er understand the origin of the pleiotropic defects observed in 
MZezh2 embryos. Since MZezh2 mutants develop a ‘stringy-heart’, which was one of the 
most pronounced phenotypes, cardiac development was studied in more detail. To gain 
knowledge about the speciﬁ caƟ on and diﬀ erenƟ aƟ on of various cardiac lineages, in situ hy-
bridizaƟ on for diﬀ erent cardiac markers was performed (Fig. 5A, B, C). Morphologically, the 
heart fails to undergo cardiac looping resulƟ ng in a straight heart tube at 2 dpf in MZezh2 
mutant embryos (Fig. 5A, Supplementary Fig. S5). Expression analysis for vmhc revealed a 
smaller ventricle in MZezh2 mutants compared to heterozygous siblings at 1.5 dpf (Fig. 5B). 
Next to vmhc, we analyzed expression of hand2 (early marker), myh6 (atrial marker), nppa 
(late marker), and nfat-c1 (endocardial marker) and showed that these markers are all ex-
pressed in the MZezh2 mutant (Fig. 5A).
To conƟ nue the analyses, we studied expression of nkx2.5, a homeodomain transcripƟ on 
factor and an early myocardial marker. This marker is readily expressed starƟ ng at the 12-so-
mite stage in wildtype embryos, but the area of nkx2.5 expression seems to be smaller in 
the MZezh2 mutant at this stage (Fig. 5B). Also later during development we observed a 
smaller region of nkx2.5 expressing cells in MZezh2 mutants (Fig. 5B). InteresƟ ngly, the pos-
terior group of nkx2.5 posiƟ ve cells, the pharyngeal arch artery progenitors35,36, is absent in 
MZezh2 mutants at 1 and 1.5 dpf (Fig. 5A). We conclude from these experiments that, while 
cardiac cell numbers may be aﬀ ected in MZezh2 mutants, general diﬀ erenƟ aƟ on markers 
for diﬀ erent compartments of the heart tube are grossly expressed normally.
Even though we observed that the above-menƟ oned myocardial markers are expressed 
grossly normally, this is not valid for all markers. To start with, the developmental and atrio-
ventricular canal marker has2 is normally and speciﬁ cally expressed in the heterozygous 
siblings at 2 dpf. In contrast, in MZezh2 mutant embryos we observe ectopic expression of 
has2 (Fig. 5C). The same observaƟ on was made for fgf24 (Fig. 5C). This gene is downstream 
of tbx5, a transcripƟ on factor essenƟ al for heart and limb formaƟ on37,38 and fgf24 was up-
regulated in our expression study (Supplementary Table S1). Whereas fgf24 expression is 
spaƟ ally restricted in heterozygous siblings, a broad ring of expression around the heart 
tube was observed in MZezh2 mutant embryos (Fig. 5C). Similar results were obtained when 
performing expression analysis for myocardial markers myl7 and mef2cb at 2 dpf (Supple-
mentary Fig. S5). Overall, these results suggest that myocardial cells are speciﬁ ed, but seem 
to get dispersed over an area around the regular heart tube over Ɵ me.
MZezh2 mutants display a loss of myocardial Ɵ ssue integrity
To further invesƟ gate the morphogeneƟ c changes that establish the heart tube over Ɵ me 
we performed a Ɵ me course of in situ hybridizaƟ on analysis for myl7 (Fig. 6A). At the 12-so-
mite stage, myocardial precursors are present in MZezh2 mutants, even though their loca-
Ɵ on and number appears to be slightly aﬀ ected as shown by nkx2.5 and hand2 expression 
analysis (Fig. 5A, B). At 1 dpf the heart of heterozygous siblings starts to jog to the leŌ , like 
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in wildtype embryos, while the heart of MZezh2 mutants frequently remains straight (Sup-
plementary Fig. S5). Despite the lack of jogging, a heart tube is sƟ ll formed (Fig. 6A, B). At 
1.5 dpf the heart of heterozygous siblings starts to undergo cardiac looping (Fig. 6A). This 
bending of the heart tube did not occur in MZezh2 mutant embryos (Fig. 6A). Remarkably, at 
this stage myl7 expressing cells are visible outside the heart tube and the heart appears to 
be smaller in size in MZezh2 mutants (Fig. 6A). At 2 dpf only a small tube of myl7 expressing 
cells remains in MZezh2 mutants.
Next, we determined whether the extra-cardiac myl7 posiƟ ve cells we observed around 1.5 
dpf represent cells that are derived from the original heart or whether they are non-heart-
related cells that aberrantly start to express myl7. We performed Ɵ me-lapse imaging on 
1 to 2 dpf MZezh2 mutants and heterozygous siblings carrying a Tg(myl7::GFP) trans-
gene (Fig. 6B, Supplementary Movie S1,2). We observed that at around 33-34 hpf, GFP 
posiƟ ve cells detach and move away from the heart tube. These detaching cells appear 
to be derived from both the ventricle and the atrium (Fig. 6B). These results indicate that 
the extra-cardial cells are lost from the originally formed heart. They also suggest that 
a loss of cardiac integrity underlies the reducƟ on of the size of the heart tube, and that 
Ezh2 is required to regulate genes that maintain structural integrity of the cardiac tube.
A loss of cell adhesion may cause the loss of cells from the heart, as it is known that in 
fn morphants cardiac progenitors fail to form the cardiac disc, which results in two heart 
ﬁ elds39. In addiƟ on, in mice it was shown that Ezh2 represses regulators of extracellular ma-
trix remodeling in endothelial cells40. To address this, expression of dm-GRASP, a cell-surface 
adhesion molecule of the immunoglobulin superfamily41, was assessed. Immunostaining for 
dm-GRASP showed expression of this marker in the hearts of MZezh2 mutants, indicaƟ ng 
that cell adhesion is not aﬀ ected in MZezh2 mutants (Supplementary Fig. S5). In addiƟ on, 
we did not observe a diﬀ erence in apoptosis between MZezh2 mutant embryos compared 
to heterozygous siblings (Supplementary Fig. S5).
Finally, to gain insight into the idenƟ ty and diﬀ erenƟ aƟ on status of the cells that detach 
from the heart, we combined in situ hybridizaƟ on for nkx2.5 with immunostaining for GFP 
in a Tg(myl7::GFP) background on 1, 1.5, and 2 day old embryos. At 1 dpf there are no major 
Fig. 5. Myocardial development is aﬀ ected in MZezh2 embryos. A. In situ hybridizaƟ on for diﬀ erent heart markers 
in MZezh2hu5670/+ and MZezh2hu5670/hu5670 at various Ɵ me points of development. hand2 is an early myocardial marker. 
myh6 is a marker for atrial cells. vmhc is a marker for ventricular cells. nppa is a late myocardial marker. nfat-c1 
is an endocardial marker. All these markers are expressed in MZezh2hu5670/hu5670, although vmhc, nppa, and nfat-c1 
expression show a smaller number of posiƟ ve cells. B. In situ hybridizaƟ on for nkx2.5 at diﬀ erent Ɵ me points 
aŌ er ferƟ lizaƟ on in MZezh2hu5670/+ and MZezh2hu5670/hu5670 embryos. Arrow heads point to cells of the pharyngeal 
arch artery progenitors. This is absent in MZezh2hu5670/hu5670. C. In situ hybridizaƟ on for has2 and fgf24 at 2 dpf in 
MZezh2hu5670/hu5670 and their heterozygous siblings. In MZezh2hu5670/+ expression is restricted to the heart (arrow 
heads), whereas in the MZezh2hu5670/hu5670 embryos expression is visible in the area surrounding the heart tube 
(encircled by dashed line). For fgf24 this is also shown from a lateral view (arrow heads). Scale bar is 200 μm. The 
numbers indicate the number of embryos with the displayed phenotype compared to the total number of embryos 
analyzed.
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diﬀ erences between heterozygous siblings and MZezh2 mutant embryos (Supplementary 
Fig. S5). Remarkably, at 1.5 dpf the expression of nkx2.5 is parƟ ally lacking in MZezh2 mu-
tants, whereas it is expressed in heterozygous siblings (Supplementary Fig. S5). The cells 
of MZezh2 mutants that lack expression of nkx2.5 do express GFP. At 2 dpf, the cells of 
the heart tubes of both MZezh2 mutants as well as heterozygous siblings are GFP (Myl7) 
posiƟ ve but nkx2.5 negaƟ ve. However, the cells that are detached from the heart tube in 
MZezh2 mutants are both GFP (Myl7) and nkx2.5 posiƟ ve (Fig. 6C). Even though GFP has a 
half-life of 26 hours, meaning that GFP-posiƟ ve cells do not necessarily express GFP at the 
RNA level, this result strongly suggests that in total absence of Ezh2, myocardial cells fail to 
silence nkx2.5. In addiƟ on, we also combined immunostaining for GFP with in situ hybrid-
izaƟ on for nppa, a late myocardial diﬀ erenƟ aƟ on marker. Next to observing a smaller heart 
tube at 2 dpf in MZezh2 mutants (Fig. 5A), we observed a parƟ al loss of nppa expression in 
MZezh2 mutants, whereas it was expressed throughout the heart in heterozygous siblings 
(Fig. 6D). This suggests a defect in terminal diﬀ erenƟ aƟ on of MZezh2 mutant myocardial 
cells, possibly related to the observed problems in properly repressing nkx2.5. We conclude 
that myocardial cells in MZezh2 mutants likely have problems to maintain cardiac diﬀ erenƟ -
aƟ on and that this may lead to the structural instability of the heart.
Loss of ezh2 aﬀ ects terminal diﬀ erenƟ aƟ on of the liver and pancreas
To address whether this loss of Ɵ ssue integrity and defects in terminal diﬀ erenƟ aƟ on is 
speciﬁ c for the heart we also addressed cell diﬀ erenƟ aƟ on in other Ɵ ssues. For this we 
chose the gastrointesƟ nal tract and the associated organs. Expression analysis for gata6, 
an early endoderm marker, showed normal expression at 1 dpf in MZezh2 mutants. The gut 
of MZezh2 mutants is straight at 2 dpf based on gata6 expression, whereas it has looped 
in heterozygous siblings (Fig. 6E). InteresƟ ngly, expression of foxa3, a deﬁ nite marker of 
endoderm, showed incorrect looping or a bilateral gastrointesƟ nal tract in MZezh2 mutants 
(Fig. 6E). Finally, in situ hybridizaƟ on for the terminal diﬀ erenƟ aƟ on markers for liver and 
the exocrine pancreas, fabp10 and try respecƟ vely, revealed a loss of expression suggesƟ ng 
that formaƟ on of these organs is delayed or abrogated in MZezh2 mutant embryos (Fig. 
6E). These results indicate that the gastrointesƟ nal tract, including the liver and pancreas, 
is formed iniƟ ally in MZezh2 mutant embryos, but fails to terminally diﬀ erenƟ ate. Thus, 
problems in terminal diﬀ erenƟ aƟ on in MZezh2 mutants are not heart-speciﬁ c, but diﬀ erent 
organs derived from diﬀ erent germ layers are aﬀ ected.
Discussion
The funcƟ on of Ezh2 during development has been intensely studied using diﬀ erent model 
systems, including mouse and Drosophila. Despite these studies, many open quesƟ ons re-
main regarding the developmental roles of Ezh2. Our study sheds new light on the require-
ment of Ezh2 during early vertebrate development. Most importantly, our results indicate 
that the basic vertebrate body plan can be established without Ezh2, but that Ezh2 is es-
senƟ al for the maintenance of a wide range of Ɵ ssues, possibly by playing a role in terminal 
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diﬀ erenƟ aƟ on. In the following secƟ ons we will discuss possible scenarios regarding the 
roles of Ezh2 during vertebrate development.
FuncƟ on of Ezh2 in germ cells
Our results demonstrate a clear funcƟ on for ezh2 during embryonic development. Striking-
ly, even though the maternal-to-zygoƟ c transiƟ on occurs around 3-4 hours aŌ er ferƟ liza-
Ɵ on, the ﬁ rst phenotypic diﬀ erences between wildtype embryos and embryos lacking both 
maternal and zygoƟ c ezh2 are not evident unƟ l hours aŌ er gastrulaƟ on. This may hint to 
a mechanism in which maternally expressed ezh2 acts by pre-labeling genes with speciﬁ c 
chromaƟ n marks such that they can be properly regulated later during development. It is 
possible that without this pre-labeling, genes cannot be properly shut down aŌ er being ac-
Ɵ vated, like we show for a number of myocardial markers and shh and ntl. Even though we 
have not Ɵ med when this acƟ vity would be required, our data suggest that this pre-labeling 
may in fact already occur during oogenesis. This is supported by observaƟ ons in Ring1/
Rnf2 mutant mice that show that Polycomb group proteins act in the female germline to 
establish developmental competence20. Also in C. elegans transgeneraƟ onal inheritance of 
H3K27me3 has been demonstrated42. In addiƟ on, work in Drosophila showed that PRC2 
plays a role in determining germ cell fate43,44. We note that this maternal acƟ vity is not ab-
solutely essenƟ al for viability, since embryos lacking only maternal ezh2, while expressing 
zygoƟ c ezh2, can develop into ferƟ le adults. Apparently, the embryo is able to handle a wide 
range of gene expression levels during early development. 
The ezh2 germline mutants are ferƟ le and able to form MZezh2 mutant embryos. The germ 
cells of ezh2 germline mutants are originally derived from an incross between heterozy-
Fig. 6. MZezh2 mutant embryos display impaired myocardial and gastrointesƟ nal Ɵ ssue maintenance. A. In 
situ hybridizaƟ on for myl7 at diﬀ erent Ɵ me points in MZezh2hu5670/+ and MZezh2hu5670/hu5670. At 1 dpf the heart of 
MZezh2hu5670/hu5670 is straight.  In MZezh2hu5670/hu5670 embryos myl7 expressing cells are found outside the heart at 
1.5 dpf (arrow heads). At 2 dpf the number of myl7 expressing cells is decreased in MZezh2hu5670/hu5670 compared 
to MZezh2hu5670/+. B. SƟ lls of Ɵ me lapse (Supplementary Movie S1,2) imaging of Tg(myl7::GFP) MZezh2hu5670/+ and 
MZezh2hu5670/hu5670 embryos from 1 to 2 dpf. In MZezh2hu5670/hu5670 embryos, GFP-posiƟ ve cells are moving away from 
the heart (arrows). Arrow heads point at ventricle and atrium. C. Immunostaining for GFP to visualize Tg(myl7::G-
FP) (brown precipitaƟ on, arrow heads) combined with in situ hybridizaƟ on for nkx2.5 (purple staining, arrows) at 
2 dpf. In MZezh2hu5670/+ no nkx2.5 expressing cells are present. In MZezh2hu5670/hu5670 cells that are detached from 
the heart express nkx2.5. The right panel shows a zoom-in of the leŌ  panel (white square). Scale bar is 50 μm. D. 
Immunostaining for GFP Tg(myl7::GFP) combined with in situ hybridizaƟ on for nppa at 2 dpf in MZezh2hu5670/+ and 
MZezh2hu5670/hu5670 embryos. Two embryos per genotype are shown. In MZezh2hu5670/hu5670 embryos nppa expression 
is absent in one and not ubiquitous in the other embryo (arrow heads). In MZezh2hu5670/+ nppa is expressed in atrium 
and ventricle (arrow heads). Scale bar is 50 μm. E. In situ hybridizaƟ on for diﬀ erent gastrointesƟ nal tract markers 
at 1 and 2 dpf in MZezh2hu5670/hu5670 and MZezh2hu5670/+. Expression of gata6 is present in both MZezh2hu5670/hu5670 and 
MZezh2hu5670/+ at 1 and 2 dpf. At 2 dpf the intesƟ nal tube appears straight in the MZezh2hu5670/hu5670, whereas struc-
tures like the liver and pancreas can be seen in MZezh2hu5670/+ (arrow heads). MZezh2hu5670/hu5670 are able to form a 
gastrointesƟ nal tract, observed by in situ hybridizaƟ on for foxa3 at 2 dpf, although the organs are bilaterally formed 
(arrow heads). In MZezh2hu5670/hu5670 no expression of terminal diﬀ erenƟ aƟ on markers for liver, fabp10, and exocrine 
pancreas, try, was observed. Scale bar is 100 μm. Numbers indicate the number of embryos with the displayed 
phenotype compared to the total number of embryos analyzed.
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gous parents. This implies that these germ cells, lacking zygoƟ c expression of ezh2, obtained 
correct epigeneƟ c labeling from the parents and this may be the reason they can func-
Ɵ on normally. Whether the germ cells of MZezh2 mutant zebraﬁ sh embryos are funcƟ onal 
needs to be tested by serial transplantaƟ on assays. Previous studies in mouse and human 
have shown that during germline development H3K27me3 is almost exclusively present at 
genes important for somaƟ c development45,46, and hence ectopic expression of these genes 
in MZezh2 mutant germ cells may lead to sterility. In concordance, C. elegans mutants for 
PRC2 homologs display a maternal eﬀ ect sterile phenotype47-49.
Ezh2 does not aﬀ ect early zebraﬁ sh development
MZezh2 mutant embryos lack Ezh2 and H3K27me3 and show major diﬀ erences in gene ex-
pression even before the zygoƟ c genome is acƟ vated. SƟ ll, these embryos are able to form a 
normal body plan and only die at a Ɵ me point when Ɵ ssue speciﬁ caƟ on has taken place, in-
dicaƟ ng zygoƟ c genome acƟ vaƟ on is not strongly aﬀ ected. This is in contrast with Polycomb 
group mutants in other vertebrates, where loss of Polycomb group gene expression results 
in early lethality, mostly before gastrulaƟ on5,6,19,20,50-53. The reason for this ‘delayed’ lethality 
in zebraﬁ sh is not completely clear. One could argue that Ezh1 is able to compensate for the 
loss of Ezh2, since it was reported that Ezh1 can also trimethylate H3K2716. However, we 
think this is highly unlikely, since we show that ezh1 is not maternally loaded into the ze-
braﬁ sh embryo and is, based on our array and qPCR data, not expressed in MZezh2 mutant 
embryos unƟ l at least 1 dpf. 
A potenƟ al explanaƟ on for the lack of an early developmental phenotype of MZezh2 mu-
tants in zebraﬁ sh is that unlike mice, zebraﬁ sh embryos do not form extra-embryonic Ɵ ssue, 
which is essenƟ al for normal murine development. Another explanaƟ on may be found in 
diﬀ erences in developmental Ɵ ming between mice and zebraﬁ sh. In mice, maternal con-
tribuƟ on lasts only unƟ l the 2-cell stage, while in zebraﬁ sh embryos this lasts unƟ l at least 
1,000-cell stage23. Nevertheless, the fact that zebraﬁ sh embryos can gastrulate properly in 
the absence of Ezh2 indicates that this crucial developmental event does not criƟ cally de-
pend on Polycomb gene acƟ vity. This makes the zebraﬁ sh a very interesƟ ng and unique 
model system to study Ezh2, and Polycomb funcƟ on in general, during Ɵ ssue speciﬁ caƟ on 
and maintenance. 
Ezh2 funcƟ on in Ɵ ssue maintenance
Most of the defects we observed in MZezh2 mutants relate to Ɵ ssue maintenance. For ex-
ample, the heart and the gastrointesƟ nal tract can be speciﬁ ed but fail to be properly main-
tained. The observed loss of Ɵ ssue maintenance does not seem to be caused by apoptosis. 
AlternaƟ vely, the failure of Ɵ ssues to terminally diﬀ erenƟ ate might be caused by an arrest 
in proliferaƟ on, potenƟ ally by deregulaƟ on of genes involved in cell cycle control. Terminal 
diﬀ erenƟ aƟ on defects were also observed in rnf2 mutant zebraﬁ sh during pectoral ﬁ n and 
cranial facial development28,54. Although rnf2 was only zygoƟ cally absent in these mutants 
and that Rnf2 is part of PRC1 instead of PRC2, this indicates a common mechanism of in-
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volvement of Polycomb group genes in terminal diﬀ erenƟ aƟ on. By more detailed studies of 
the developing heart tube we show that myocardial integrity cannot be maintained in the 
absence of Ezh2, while cell adhesion is not aﬀ ected. In addiƟ on to the well-known funcƟ on 
of Ezh2 as a suppressor of gene expression, it can also directly methylate non-histone tar-
gets. One example of this is the cardiac transcripƟ on factor GATA4, where methylaƟ on of 
GATA4 by PRC2 results in inhibiƟ on of GATA4 transcripƟ onal acƟ vity in mice55. This funcƟ on 
of PRC2 potenƟ ally plays a role in the observed myocardial phenotype of MZezh2 zebraﬁ sh 
mutants. 
In studies in mice, where condiƟ onal knockouts for Ezh2 were generated using diﬀ erent 
heart speciﬁ c promoters, showed that loss of Ezh2 at an early Ɵ me point results in car-
diac defects, whereas loss of Ezh2 aŌ er the heart is fully formed does not show a severe 
phenotype9,10. Possibly, there is a sensiƟ ve period during which Ezh2 represses its targets 
in progenitor cells to safeguard normal myocardial development, followed by terminal dif-
ferenƟ aƟ on of myocardial cells, aŌ er which Ezh2 becomes dispensable for maintenance of 
silencing, because other chromaƟ n features may stably lock gene expression status4,6,56,57.
Another mechanism through which Ezh2 may aﬀ ect Ɵ ssue maintenance is that Ezh2 may 
have a criƟ cal role within Ɵ ssue-speciﬁ c stem cells, such that upon loss of Ezh2 the Ɵ ssue 
cannot be properly supported by the addiƟ on of newly diﬀ erenƟ aƟ ng cells8-12. Discrimi-
naƟ on between these mutually non-exclusive scenarios will require the idenƟ ﬁ caƟ on and 
study of relevant stem cell pools of the aﬀ ected Ɵ ssues, and tracing experiments in order to 
follow gene expression within single cells.
Taken together, our work implies that Ezh2 is essenƟ al for Ɵ ssue maintenance and to set up 
proper maternal mRNA contribuƟ on, and presents a novel and powerful tool to study how 
Polycomb group proteins act during early vertebrate development and Ɵ ssue maintenance.
Methods
Zebraﬁ sh geneƟ cs and strains
Zebraﬁ sh (Danio rerio), were housed according to standard condiƟ ons58 and staged according to Kimmel et al.59. 
The ezh2 nonsense mutant (hu5670, R592STOP) was derived from ENU mutagenized libraries using target-selected 
mutagenesis as described29. Zebraﬁ sh with the ezh2 mutant allele were outcrossed against wildtype zebraﬁ sh (TL 
or AB) and subsequently incrossed to obtain homozygous mutants. Tg(myl7::GFP) and Tg(vas::eGFP) zebraﬁ sh have 
been described before60,61. All experiments were carried out in accordance with animal welfare laws, guidelines, 
and policies and were approved by the Utrecht University and the Radboud University Animal Experiments Com-
miƩ ee.
Genotyping
DNA was puriﬁ ed from caudal ﬁ n Ɵ ssue, taken from anestheƟ zed zebraﬁ sh, or from embryos. An ezh2 fragment 
was ampliﬁ ed by nested PCR with primers indicated in Supplementary Table S3. The ezh2 mutaƟ on (hu5670, CCT-
GGCTGTA(C>T)GAGAGTGTGA) results in the loss of an RsaI restricƟ on site. PCR was followed by RsaI restricƟ on to 
ﬁ nalize genotyping (Supplementary Fig. S2).
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Germ cell transplantaƟ on
Germ cell transplantaƟ on was performed as described previously30. At 4 hpf cells from the margin of the embryo 
were transplanted into wildtype hosts that were injected with the dead end morpholino, resulƟ ng in death of the 
primordial germ cells of the host62. Transplanted cells were labeled with Tg(vas::eGFP) and were derived from an 
ezh2(hu5670) heterozygous incross. AŌ er transplantaƟ on the donors were genotyped. At 1 dpf it was assessed 
whether the transplantaƟ on was successful, aŌ er which these embryos were raised to adulthood, obtaining a 
wildtype zebraﬁ sh harboring an ezh2 mutant germline. The adult female germline mutants were checked for being 
100% mutant by crossing them to a male germline mutant or a male ezh2 heterozygous mutant zebraﬁ sh and 
determine the phenotype and genotype of the progeny. For all germline mutants used in this study the resulƟ ng 
progeny was 100% or 50% homozygous mutant, depending on the genotype of the zebraﬁ sh it was crossed with. 
The germline mutant zebraﬁ sh displayed normal ferƟ lity and produced 200-600 embryos per cross. The MZezh2 
mutant embryos all displayed the same phenotype. For the experiments below we used siblings from a cross of 
ezh2 germline mutant females with heterozygous ezh2 mutant males and genotyped them aŌ erwards. For the 
gene expression analysis we crossed ezh2 germline mutant females with ezh2 germline mutant males to obtain 
100% MZezh2 mutant progeny. Since the MZezh2 mutant embryos display a lethal phenotype, the embryos that 
were used were the ﬁ rst generaƟ on aŌ er germline transplantaƟ on.
Histological analysis
Zebraﬁ sh embryos were sacriﬁ ced with Tricaine and ice-cold water, ﬁ xed overnight in 4% PFA in PBS at 4°C. AŌ er 
ﬁ xaƟ on the embryos were gradually transferred to 75% ethanol aŌ er which they were embedded in plasƟ c for 
secƟ oning. PlasƟ c secƟ ons were stained with haemotoxylin and eosin for histological analysis.
Whole mount in situ hybridizaƟ on
Embryos were ﬁ xed overnight at 4°C in 4% PFA in PBS, aŌ er which they were gradually transferred to 100% meth-
anol. Embryos older than 24 hpf were treated with proteinase K. In situ hybridizaƟ on was performed as described 
previously63. The embryos were imaged by light microscopy or embedded in plasƟ c for secƟ oning and imaging.
Immunostainings
Immunostainings were performed as described previously63,64. Embryos were ﬁ xed in 4% PFA in PBS at 4°C over-
night. AŌ er ﬁ xaƟ on they were gradually transferred to 100% methanol. Rabbit anƟ -Ezh2 anƟ body from Cell Signal-
ling Technologies was used (1:200). The epitope of this anƟ body is located upstream of the SET domain and the 
idenƟ ﬁ ed nonsense mutaƟ on in ezh2. Rabbit anƟ -H3K27me3 anƟ body from Millipore was used (1:750). Cy3-an-
Ɵ -rabbit anƟ body from Jackson ImmunoResearch was used as secondary anƟ body. Immunostainings were ana-
lyzed using a confocal ﬂ uorescent microscope (Leica, SP5). Immunostainings aŌ er in situ hybridizaƟ on and for dm-
GRASP and acƟ ve Caspase-3 were performed with a rabbit anƟ -GFP from Gentaur (1:200), mouse anƟ -dm-GRASP 
from DSHB (1:200), and anƟ -Caspase-3 from BD Biosciences (1:500), respecƟ vely, followed by a peroxidase labeled 
polymer (Immunovision and Dako) for DAB staining. The immunostainings were analyzed using a light microscope. 
When embedded in paraﬃ  n, the secƟ ons were stained with neutral red.
qPCR analysis
Total RNA was isolated from 0 hpf, 3.3 hpf, and 1 dpf wildtype and MZezh2 mutant embryos using Trizol. cDNA was 
synthesized using Superscript II (Invitrogen). Standard qPCR using SYBR Green was performed using the primers 
shown in Supplementary Table S4. RelaƟ ve expression was corrected for primer eﬃ  ciency and calculated based on 
expression of housekeeping genes β-acƟ n and ef1α.
Time lapse imaging
Embryos of 1 dpf were dechorionated and mounted in glass boƩ om plates using 0.25% agarose in E3 embryo me-
dium containing Tricaine. Confocal imaging was performed overnight using a LEICA AF7000 microscope. Pictures 
were taken with 7.5-minute intervals.
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Gene expression microarrays
Custom 4x44k microarrays for zebraﬁ sh from Agilent were used according to manufacturer’s protocol. 200 ng of 
total RNA from 1 cell stage embryos and embryos of 3.3 hpf was converted into cRNA and labeled with Cy3 or Cy5. 
Samples were subsequently hybridized overnight and washed. A dye swop was included as a technical replicate. 
The experiment was performed in duplicate using biological replicates. The arrays were processed using R/Biocon-
ductor and limma65. AŌ er background correcƟ on, within-array normalizaƟ on (loess) and between-array normal-
izaƟ on (AquanƟ le) was performed. Diﬀ erenƟ al expression was determined using eBayes method. The expression 
proﬁ les were clustered using pam with the Euclidean distance metric. We used the biomaRt package66,67 to provide 
the Ensembl annotaƟ on with systemaƟ c name and genomic locaƟ on based on the probe idenƟ ﬁ ers.
H3K27me3 ChIP-seq data for 24 hpf was obtained from NCBI GEO (GSE3505034) and mapped to the zebraﬁ sh ge-
nome (danRer7/Zv9) with bwa68. The bandplots were created using ﬂ uﬀ 69 for the transcripƟ on start sites of diﬀ er-
enƟ ally expression genes (fold change >= 2) and genes present on the array with or without H3K27me3 enrich-
ment. DAVID annotaƟ on70,71 was obtained from hƩ ps://david.ncifcrf.gov/. 
The data discussed in this publicaƟ on have been deposited in NCBI’s Gene Expression Omnibus and are accessi-
ble through GEO Series accession number GSE64618 (hƩ p://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=ap-
mzyoykjxklrih&acc=GSE64618) .
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Homo sapiens    QQNFMVEDETVLHNIPYMGDEVLDQDGTFIEELIKNYDGKVHGDRECGFINDEIFVELVN 
Mus musculus    QQNFMVEDETVLHNIPYMGDEVLDQDGTFIEELIKNYDGKVHGDRECGFINDEIFVELVN 
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Danio rerio     VDENTPQRKKKRKHRLWATHCRKIQLKKDGSSNHVYNYQPCDHPRQPCDSSCPCVTAQNF 
Homo sapiens    EDVDTPPRKKKRKHRLWAAHCRKIQLKKDGSSNHVYNYQPCDHPRQPCDSSCPCVIAQNF 
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Danio rerio     CEKFCQCSSECQNRFPGCRCKAQCNTKQCPCYLAVRECDPDLCLTCGAAEHWDSKNVSCK 
Homo sapiens    CEKFCQCSSECQNRFPGCRCKAQCNTKQCPCYLAVRECDPDLCLTCGAADHWDSKNVSCK 
Mus musculus    CEKFCQCSSECQNRFPGCRCKAQCNTKQCPCYLAVRECDPDLCLTCGAADHWDSKNVSCK 
D. melanogaster CEKFCNCSSDCQNRFPGCRCKAQCNTKQCPCYLAVRECDPDLCQACGAD-QFKLTKITCK
                *****:***:********************************* :***  ::. .:::**  
Danio rerio     NCSIQRGAKKHLLLAPSDVAGWGIFIKEPVQKNEFISEYCGEIISQDEADRRGKVYDKYM 
Homo sapiens    NCSIQRGSKKHLLLAPSDVAGWGIFIKDPVQKNEFISEYCGEIISQDEADRRGKVYDKYM 
Mus musculus    NCSIQRGSKKHLLLAPSDVAGWGIFIKDPVQKNEFISEYCGEIISQDEADRRGKVYDKYM 
D. melanogaster NVCVQRGLHKHLLMAPSDIAGWGIFLKEGAQKNEFISEYCGEIISQDEADRRGKVYDKYM
                * .:*** :****:****:******:*: .******************************  
Danio rerio     CSFLFNLNNDFVVDATRKGNKIRFANHSVNPNCYAKVMMVNGDHRIGIFAKRAIQTGEEL 
Homo sapiens    CSFLFNLNNDFVVDATRKGNKIRFANHSVNPNCYAKVMMVNGDHRIGIFAKRAIQTGEEL 
Mus musculus    CSFLFNLNNDFVVDATRKGNKIRFANHSVNPNCYAKVMMVNGDHRIGIFAKRAIQTGEEL 
D. melanogaster CSFLFNLNNDFVVDATRKGNKIRFANHSINPNCYAKVMMVTGDHRIGIFAKRAIQPGEEL
                ****************************:***********.************** ****  
Danio rerio     FFDYRYSQADALKYVGIEREMEIP 
Homo sapiens    FFDYRYSQADALKYVGIEREMEIP 
Mus musculus    FFDYRYSQADALKYVGIEREMEIP 
D. melanogaster FFDYRYGPTEQLKFVGIEREMEIV
                ******. :: **:********* 
Supplemental Figure 1.  Alignment of ezh2 orthologs of zebraﬁ sh, human, mouse, and Drosophila. Red bar indi-
cates the SET domain, blue bar indicates the WD domain. hu5670 (C>T) is indicated in green. 5’- CCTGGCTGTA (C>T) 
GAGAGTGTGA -3’ R->stop. Asterisk indicates posiƟ ons that have a single, fully conserved residue. A colon indicates 
conservaƟ on between groups of strongly similar properƟ es - scoring > 0.5 in the Gonnet pam 250 matrix. A period 
indicates conservaƟ on between groups of weakly similar properƟ es - scoring =< 0.5 in the Gonnet pam 250 matrix.
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Supplemental Figure 2. A. Immunostaining for Ezh2 at 4 cells, 4 hpf, and 12 somites in wildtype embryos. Expres-
sion of Ezh2 (brown precipitaƟ on) is visible at 12 somites. Scale bar is 200 μm. B. In situ hybridizaƟ on for pax2 at 1 
and 2 dpf and shh at 2 dpf in MZezh2hu5670/hu5670 embryos and MZezh2hu5670/+. Expression of pax2 in MZezh2hu5670/hu5670 
embryos appears to be more posterior at 2 dpf and there is no clear mid-hindbrain boundary visible. Expression 
of shh at 2 dpf shows normal paƩ erns in MZezh2hu5670/+ embryos (dorsal view). In MZezh2hu5670/hu5670 embryos, shh 
expression sƟ ll present in the notochord at 2 dpf, in contrast to MZezh2hu5670/+ embryos (arrow head). Scale bar is 
500 μm. C. In situ hybridizaƟ on for hoxd9a, hoxc8a, and hoxc6a in MZezh2hu5670/+ and MZezh2hu5670/hu5670 embryos 
at 1 dpf. The expression paƩ ern of these hox genes in MZezh2hu5670/+ resembles that of wildtype embryos (van der 
Velden et al., 2013). MZezh2hu5670/hu5670 embryos show that the boundary of hox expression is shiŌ ed to anterior 
(arrow heads). Scale bar is 200 μm. D. In situ hybridizaƟ on for eng1, ntl, and krox20 at 1 dpf and for ntl at 2 dpf in 
wildtype embryos. Scale bar is 500 μm. E. Genotyping results from an example of an ezh2 heterozygous incross at 
2 dpf. AŌ er nested PCR a product of 620 bp is formed. Subsequent restricƟ on with RsaI, of which one site is absent 
in the ezh2 mutant, results in the disƟ nct paƩ erns for wildtype, heterozygous, and mutant embryos (bands of 281, 
224, 159, 122, and 57 bp). The samples were run on a 3% agarose gel. The numbers at the in situ hybridizaƟ on and 
immunostaining indicate the number of embryos with the displayed phenotype compared to the total number of 
embryos analyzed.
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Supplemental Figure 3. A. Cluster analysis of genes signiﬁ cantly diﬀ erenƟ ally expressed in MZezh2hu5670/5670 ver-
sus wildtype embryos at 0 hpf and 3.3 hpf. B. Gene expression levels (log2) of genes signiﬁ cantly diﬀ erenƟ ally 
expressed between wildtype and MZezh2hu5670/5670 embryos at 0 hpf. Genes in diﬀ erent clusters (see Fig. 4B) are 
depicted in diﬀ erent colors. C. Same as in Fig. S3b, for genes that are signiﬁ cantly diﬀ erenƟ ally expressed between 
wildtype and MZezh2hu5670/5670 embryos at 3.3 hpf. D. Cluster analysis of genes signiﬁ cantly diﬀ erenƟ ally expressed 
between 0 hpf and 3.3 hpf in MZezh2hu5670/5670 and wildtype embryos. E. Gene expression levels (log2) of genes 
signiﬁ cantly diﬀ erenƟ ally expressed between 0 hpf and 3.3 hpf in wildtype and Mezh2hu5670/5670 embryos. Genes in 
diﬀ erent clusters (see Fig. 4F) are depicted in diﬀ erent colors. F. Same as in Fig. S3E, for genes that are signiﬁ cantly 
diﬀ erenƟ ally expressed between 0 hpf and 3.3 hpf in MZezh2hu5670/5670 embryos.
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Supplemental Figure 4. A. Gene expression levels (log2) of a number of known myocardial markers in wildtype ver-
sus MZezh2hu5670/5670 embryos at 0 hpf. B. Gene expression levels (log2) of a number of known myocardial markers 
in wildtype versus MZezh2hu5670/5670 embryos at 3.3 hpf. 
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Supplemental Figure 5. A. DistribuƟ on of percentage of hearts jogging to the leŌ , right, or straight at 1 dpf in 
MZezh2hu5670/+ and MZezh2hu5670/hu5670. Total number of embryos analyzed is depicted at the top of the graph. 
B. In situ hybridizaƟ on for myl7 (extended staining) and mef2cb at 2 dpf in MZezh2hu5670/5670 and MZezh2hu5670/+. In 
MZezh2hu5670/+ expression is restricted to the heart, whereas in the MZezh2hu5670/5670 embryos expression is visible 
in the area surrounding the heart tube. Scale bar is 200 μm. C. Whole mount immunostaining for dm-GRASP and 
acƟ ve Caspase-3 in MZezh2hu5670/5670 embryos and heterozygous siblings at 2 dpf. MZezh2hu5670/5670 embryos show 
normal expression of dm-GRASP and Caspase-3. The doƩ ed line depicts the expression of dm-GRASP in the heart. 
Scale bar is 200 μm. D. Immunostaining for GFP Tg(myl7::GFP) combined with in situ hybridizaƟ on for nkx2.5 at 1 
and 1.5 dpf in MZezh2hu5670/+ and MZezh2hu5670/hu5670 embryos. Expression of nkx2.5 is parƟ ally absent in MZezh2hu5670/
hu5670 embryos at 1.5 dpf compared to MZezh2hu5670/+. Scale bar is 50 μm. The numbers indicate the number of em-
bryos with the displayed phenotype compared to the total number of embryos analyzed.
Supplementary Tables
Table S1. GO terms list of genes in clusters Fig. 4C. Diﬀ erenƟ ally expressed genes between 
MZezh2hu5670/hu5670 versus wildtype embryos at 0 hpf and 3.3 hpf.
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Movie S2. Time lapse imaging between 1 and 2 dpf of MZezh2 mutants in Tg(myl7::GFP) 
background.


Chapter 5
113
Spatial gene dysregulation upon loss of Ezh2
CHAPTER 5
Loss of the Polycomb component Ezh2 during zebrafi sh 
embryogenesis results in spatial gene dysregulation 
following body plan establishment
Julien Rougeot1,2, Naomi D. Chrispijn1, Marco Aben1,2, Dei M. Elurbe1,2, Karolina M.
 Andralojc1, Patrick J. Murphy3, Pascal W.T.C. Jansen4, Michiel Vermeulen4, 
Bradley R. Cairns3, Leonie M. Kamminga1,2,*
1. Radboud University, Faculty of Science, Department of Molecular Biology, Radboud InsƟ tute for Molecular Life 
Sciences, Nijmegen, the Netherlands 2. Radboud University Medical Center, Department of Molecular Biology, 
Nijmegen, the Netherlands 3. Howard Hughes Medical InsƟ tute, Department of Oncological Sciences and Hunts-
man Cancer InsƟ tute, University of Utah School of Medicine, Salt Lake City, UT 84112, USA 4. Department of 
Molecular Biology, Faculty of Science, Radboud InsƟ tute for Molecular Life Sciences, Oncode InsƟ tute, Radboud 
University Nijmegen, Nijmegen, The Netherlands.
SubmiƩ ed
114
Abstract
Background: Polycomb group (PcG) proteins are transcripƟ onal repressors that are import-
ant regulators of cell fate during embryonic development. Ezh2, the catalyƟ c subunit of the 
Polycomb Repressive Complex 2, is responsible for catalyzing the epigeneƟ c repressive mark 
histone H3 lysine 27 trimethylaƟ on (H3K27me3). In contrast to mice, zebraﬁ sh embryos 
lacking both maternal and zygoƟ c ezh2 (MZezh2) can form a normal body plan at 24 hours 
post ferƟ lizaƟ on (hpf) but die at 48 hpf, exhibiƟ ng pleiotropic phenotypes. To decipher the 
molecular mechanisms of PcG-mediated transcripƟ onal repression during early zebraﬁ sh 
development, we conducted in-depth analyses of the transcriptome, epigenome, and pro-
teome of the MZezh2 mutant embryos at 24 hpf.
Results: We found that, in the absence of Ezh2, and thus H3K27me3, Rnf2, the catalyƟ c 
subunit of the Polycomb Repressive Complex 1, failed to be recruited to chromaƟ n, con-
comitant with an increase of histone H3 lysine 4 trimethylaƟ on on a subset of genes that 
are marked by H3K27me3 in wildtype embryos. Despite these alteraƟ ons in the epigene-
Ɵ c landscape, transcriptome and proteome analysis revealed only minor changes in global 
gene expression. Subsequent spaƟ al expression analysis of deregulated transcripƟ on fac-
tors in MZezh2 mutant embryos showed local deregulaƟ on outside normal gene expression 
boundaries rather than increased expression within these boundaries.
Conclusions: Altogether, our results show that zebraﬁ sh body plan formaƟ on is indepen-
dent of PcG-mediated gene repression, despite impaired epigeneƟ c control, unƟ l the stage 
of Ɵ ssue maintenance where it becomes required to maintain spaƟ ally restricted transcrip-
Ɵ onal proﬁ les of transcripƟ on factors.
Background
Development of mulƟ -cellular organisms involves highly dynamic and controlled processes 
during which one single toƟ potent cell will mulƟ ply and diﬀ erenƟ ate into all the cells com-
posing the adult individual. In parƟ cular, establishment and maintenance of cell idenƟ Ɵ es 
are essenƟ al for proper development and deregulaƟ on of these mechanisms can lead to 
malformaƟ ons and various diseases, including cancer (1, 2). Because all cells within an or-
ganism originate from the same toƟ potent zygoƟ c cell, their genomic informaƟ on is idenƟ -
cal. Speciﬁ caƟ on of cell idenƟ ty must therefore be controlled through the establishment of 
spaƟ ally and temporally restricted transcripƟ onal proﬁ les. This transcripƟ onal regulaƟ on is 
primarily iniƟ ated by combinaƟ ons of signaling pathways and transcripƟ on factor networks, 
and is being maintained by epigeneƟ c mechanisms (3).
EpigeneƟ c maintenance of gene expression can act through modiﬁ caƟ ons of the chromaƟ n, 
the complex of DNA wrapped around an octamer of histones and its associated proteins 
and non-coding RNAs. The histone-octamer contains histones H2A, H2B, H3, and H4, which 
can be post-translaƟ onally modiﬁ ed (4). In addiƟ on, DNA itself can be modiﬁ ed by methyla-
Ɵ on (5). The combinaƟ on of these modiﬁ caƟ ons, among others, creates an epigeneƟ c land-
scape, oŌ en referred to as the epigenome, which is one of the mechanisms that deﬁ nes the 
accessibility of the DNA to the transcripƟ onal machinery and thereby gene expression (6). 
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Some of these epigeneƟ c marks, like DNA methylaƟ on and H3K27me3 can be propagated 
from mother to daughter cells and thereby maintain gene expression proﬁ les.
Important regulators of the epigenome during development are the Polycomb Group (PcG) 
proteins. First idenƟ ﬁ ed in Drosophila melanogaster, PcG proteins were found to maintain 
the pre-established paƩ ern of hox gene expression (7). MutaƟ ons of genes coding for PcG 
proteins result in expression of hox genes outside their normal expression domains, lead-
ing to homeoƟ c transformaƟ ons (8). Subsequent studies showed that PcG proteins are im-
portant for proper paƩ erning during early embryonic development, Ɵ ssue-speciﬁ c develop-
ment, and maintenance of the balance between pluripotency and diﬀ erenƟ aƟ on of stem 
cells in mulƟ ple species (9).
PcG proteins assemble into diﬀ erent complexes and achieve transcripƟ onal regulaƟ on 
through the modiﬁ caƟ on of speciﬁ c histone residues. Two main PcG complexes have been 
described (10). The Polycomb Repressive Complex 2 (PRC2) is composed of the core sub-
units EZH1/2 (Enhancer of Zeste Homologue 1/2), SUZ12 (Supressor of Zeste 12), and 
EED (Embryonic Ectoderm Development). EZH2 has a catalyƟ cally acƟ ve SET domain that 
trimethylates lysine 27 of histone H3 (H3K27me3), an epigeneƟ c mark associated with gene 
repression and found along gene coding sequences (11). The catalyƟ c subunits of PRC2 are 
mutually exclusive and EZH1 has, compared to EZH2, reduced methyltransferase acƟ vity 
and is postulated to complement the funcƟ on of EZH2 in non-proliferaƟ ve adult organs (12, 
13). H3K27me3 can be recognized by the Polycomb Repressive Complex 1 (PRC1). A diver-
sity of PRC1 composiƟ ons has been described and canonical PRC1 is composed of the core 
subunits RING1/RNF2 (Ring Finger Protein 2 a/b), PCGF1-6 (Polycomb Group RING ﬁ ngers 
1-6), PHC (PolyhomeoƟ c), and CBX (Chromobox homolog). PRC1 catalyzes the ubiquiƟ naƟ on 
of lysine 119 of histone H2A (H2AK1119ub) and strengthens gene repression. VariaƟ ons be-
tween the diﬀ erent core subunits and associaƟ on with substoichiometric factors allow for 
diversity in PcG complexes, especially in the case of PRC1 (14). This diversity ensures Ɵ ssue 
speciﬁ c epigeneƟ c control of gene repression (15, 16). In contrast to the canonical view, in 
which PRC1 is recruited to H3K27me3, recent studies implicate that PRC1 is also acƟ ve in the 
absence of PRC2 (17-19). In addiƟ on, it was shown that H2AK1119ub, placed by PRC1, can 
promote H3K27 trimethylaƟ on via a posiƟ ve feedback loop (20, 21).
Opposing to the funcƟ on of PcG complexes, other proteins can shape the chromaƟ n to 
allow for acƟ ve transcripƟ on (22). For example, Trithorax Group (TrxG) proteins antagonize 
PcG protein funcƟ on through the deposiƟ on of a trimethyl group on lysine 4 of histone 
H3 (H3K4me3) on gene promoters (23, 24). H3K4me3 marks promoters and enhancers of 
virtually all transcribed genes (25). AcetylaƟ on of H3K27 (H3K27ac) is a diﬀ erent epigeneƟ c 
mark associated with promoters and acƟ ve enhancers and consƟ tutes a dynamic signature 
marking developmentally regulated genes (26).
Despite extensive studies on the funcƟ on of PcG complexes, numerous quesƟ ons remain 
unanswered. For example, involvement of PcG complexes during early vertebrate devel-
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opment is not well understood. Most PcG proteins are essenƟ al proteins for development 
and loss of PcG proteins results in early embryonic death, making it diﬃ  cult to study tran-
scripƟ onal regulaƟ on by PcG complexes at early developmental stages. Lack of maternal 
contribuƟ on of E(z), the Drosophila homolog of EZH2, leads to homeoƟ c transformaƟ on 
and death at a late embryonic stage (27). In mice, loss of Ezh2 leads to embryonic lethality 
during early gastrulaƟ on (28). The other PRC2 core subunits EED and SUZ12 have also been 
shown to be essenƟ al for embryonic development and their absence induces post-implan-
taƟ on death in mice (29, 30). MutaƟ ons for PRC1 components generally result in mild Ɵ ssue 
speciﬁ c phenotypes, which is likely due to a funcƟ onal redundancy amongst diﬀ erent PRC1 
complexes (31, 32). However, mice mutant for Rnf2, the catalyƟ c subunit which is shared by 
all PRC1 complexes, die due to gastrulaƟ on arrest (33).
We and other, previously showed that ezh2 is essenƟ al for zebraﬁ sh development (34-36). 
ZygoƟ c ezh2 homozygous mutant embryos die long aŌ er gastrulaƟ on, around 10 to 12 days 
post ferƟ lizaƟ on (dpf), exhibiƟ ng a phenotype which, among others, is associated with a 
defect in maintenance of intesƟ nal homeostasis (34). Since ezh2 mRNA is maternally loaded 
in the oocyte, this can rescue the ezh2 mutaƟ on during the ﬁ rst days of development and 
explain the late lethality phenotype in zygoƟ c ezh2 mutants (37). This is demonstrated by 
the phenotypes of zebraﬁ sh embryos mutant for both maternal and zygoƟ c ezh2, referred 
as MZezh2 mutant embryos. They develop seemingly normal unƟ l 1 dpf, forming a proper 
body plan, but ulƟ mately die at 2 dpf, exhibiƟ ng a 100% penetrant pleiotropic phenotype 
associated with a loss of Ɵ ssue maintenance (35). Finally, embryos lacking maternal contri-
buƟ on, but expressing zygoƟ c ezh2, are viable and ferƟ le and do not show any phenotypes 
(35). These observaƟ ons suggest that, in zebraﬁ sh, ezh2 is not essenƟ al for the early stages 
of development that include cell proliferaƟ on, gastrulaƟ on, diﬀ erenƟ aƟ on, and Ɵ ssue spec-
iﬁ caƟ on. However, these ﬁ ndings indicate that Ezh2 appears important during later stages 
of development when cell and Ɵ ssue idenƟ Ɵ es need to be maintained. These results are in 
stark contrast with studies in other mice in which embryo mutants for PRC2 components 
die during early gastrulaƟ on (28-30). This makes zebraﬁ sh ezh2 mutant embryos a unique 
model to study the funcƟ on of Ezh2 during early vertebrate development.
To understand how zebraﬁ sh embryos can develop a normal body plan and only a pleiotro-
pic phenotype at 2 dpf in the absence of maternal and zygoƟ c Ezh2, we used these MZezh2 
mutant embryos and explored the presence of a selecƟ on of epigeneƟ c marks, which are 
associated with transcripƟ onal control and are important for developmental gene regula-
Ɵ on. We focused our study on 24 hours post ferƟ lizaƟ on (hpf) embryos, when the ﬁ rst phe-
notypes become visible, and the anterior-posterior paƩ erning of the embryos is properly 
established. Surprisingly, our data show that, despite the complete absence of PcG asso-
ciated epigeneƟ c mark and proteins, the transcripƟ onal and proteomic proﬁ le in MZezh2 
mutant embryos remains largely unchanged compared to wildtype embryos. The changes 
mainly aﬀ ect transcripƟ on factors essenƟ al for developmental processes. Closer analysis of 
spaƟ al expression of the genes deregulated in MZezh2 mutants revealed that aberrant gene 
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expression is primarily local. Our results show that zebraﬁ sh embryo development is iniƟ ally 
independent of PcG repression unƟ l the stage of Ɵ ssue maintenance, where PcG proteins 
maintain cell speciﬁ c repression of transcripƟ on factor expression.
Results
The repressive epigeneƟ c mark H3K27me3 is absent in MZezh2 embryos
To study the funcƟ on of Ezh2 during development, we used the ezh2 nonsense mutant allele 
ezh2(hu5670) (35). This lethal allele contains a point mutaƟ on introducing a premature stop 
codon within the catalyƟ c SET domain and results in the absence of Ezh2 protein. Elimina-
Ɵ on of both maternal and zygoƟ c contribuƟ on of Ezh2, by using the germ cell transplanta-
Ɵ on technique described previously (35, 38), allowed us to study the funcƟ on of Ezh2 during 
early development. As previously shown, MZezh2 mutant embryos iniƟ ally display normal 
body plan formaƟ on. At 24 hpf, the embryos display a mild phenotype and at 48 hpf more 
severe pleiotropic phenotypes are observed, including lethality (Fig. 1a). For example, MZe-
zh2 mutant embryos exhibited smaller eyes, smaller brain, blood coagulaƟ on, and absence 
of pectoral ﬁ ns. Western Blot analysis at 3.3 hpf and 24 hpf conﬁ rms the absence of both 
maternal and zygoƟ c Ezh2 in these mutants, respecƟ vely (Fig. 1b).
To further conﬁ rm the absence of Ezh2 in MZezh2 mutants and assess its eﬀ ect on H3K27me3 
deposiƟ on, we performed ChIP-sequencing (ChIP-seq) for Ezh2 and H3K27me3 at 24 hpf in 
both wildtype and MZezh2 mutant embryos. ChIP-seq analyses for Ezh2 and H3K27me3 
revealed 816 and 3353 peaks in wildtype embryos, respecƟ vely (Fig. 1c, d; AddiƟ onal ﬁ le 
4). Although the number of peaks diﬀ ered between the two proteins, their binding pro-
ﬁ les greatly overlap (Fig. 1c). QuanƟ ﬁ caƟ on showed that 84.6% of Ezh2 peaks also contain 
H3K27me3 (AddiƟ onal ﬁ le 1: Figure S1a). Known PcG target genes such as the hoxab gene 
cluster, tbx genes, and gsc presented similar binding proﬁ les for Ezh2 as for H3K27me3 (Fig. 
1f, g, AddiƟ onal ﬁ le 1: Figure S1b), whereas the ubiquitously expressed genes eif1ad and tbp 
showed absence of Ezh2 and H3K27me3 (AddiƟ onal ﬁ le 1: Figure S1b). Yet, 126 sites posi-
Ɵ ve for Ezh2 (15.4%) did not overlap with H3K27me3 (AddiƟ onal ﬁ le 1: Figure S1a).
In MZezh2 mutant embryos, the binding of Ezh2 and H3K27me3, as detected by ChIP-seq, 
was virtually absent, with 3 and 22 peaks detected for Ezh2 and H3K27me3, respecƟ vely 
(Fig. 1c). Manual inspecƟ on of the peaks called in MZezh2 mutants revealed that the re-
maining signals were probably artefacts, as they are present in gene deserts and low com-
plexity regions (AddiƟ onal ﬁ le 1: Figure S1c). Ezh2 and H3K27me3 coverage was reduced 
to background levels in MZezh2 mutants compared to wildtype (Fig. 1d). Finally, the hoxab 
cluster, and the tbx3a, tbx5a, gsc, and isl1 loci, targeted by PcG repression in wildtypes, also 
showed a complete absence of Ezh2 and H3K27me3 binding in MZezh2 mutants (Fig. 1f, g, 
AddiƟ onal ﬁ le 1: Figure S1b).
Altogether, these results demonstrate that the absence of maternal and zygoƟ c Ezh2 results 
in a complete absence of Ezh2 and H3K27me3 from chromaƟ n.
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Fig. 1 MZezh2 mutant (MZezh2-/-) embryos lack Ezh2, H3K27me3, and Rnf2 binding to the chromaƟ n. a MZe-
zh2+/- (developing as wildtype embryos) and MZezh2-/- embryos at 24 and 48 hpf. At 24 hpf, MZezh2-/- embryos lack 
a clear mid-hindbrain boundary compared to heterozygous embryos (arrow head). At 48 hpf, MZezh2-/- embryos 
showed pleiotropic phenotypes compared to heterozygous embryos, such as small eyes, small brain, heart edema, 
and blood accumulaƟ on in the blood island (arrow heads). b Western blot analysis of Ezh2 at 3.3 hpf and 24 hpf of 
wildtype and MZezh2-/- embryos. Histone H3 was used as a loading control. c Number of peaks called aŌ er Ezh2, 
H3K27me3, and Rnf2 ChIP-seq of wildtype and MZezh2-/- embryos at 24 hpf. Each peak set was obtained by the in-
tersecƟ on of two independent biological replicates, with the excepƟ on of Rnf2 (one replicate). d Box plots of Ezh2, 
H3K27me3, and Rnf2 RPKM-normalized coverage aŌ er respecƟ ve ChIP-seq in wildtype and in MZezh2-/- embryos at 
24 hpf. The input control shown was obtained from wildtype embryos at 24 hpf. Coverages were calculated based 
on posiƟ ons of peaks detected in wildtype embryos. t-test: *** P-value < 0.001. e Heatmaps for Ezh2, H3K27me3, 
and Rnf2 RPKM-normalized coverage aŌ er ChIP-seq in 24 hpf wildtype and MZezh2-/- embryos. Windows of 10 kb 
regions for all H3K27me3 o Ezh2 peaks in 24 hpf wildtype embryos are shown. The input track obtained from 24 
hpf wildtype embryos was used as control. f, g UCSC browser snapshot depicƟ ng the loss of Ezh2, H3K27me3, and 
Rnf2 aŌ er ChIP-seq in 24 hpf MZezh2-/- embryos compared to wildtype embryos for (f) hoxab gene cluster and (g) 
tbx5a. Colors represent ChIP-seq for diﬀ erent proteins with blue: Ezh2, red: H3K27me3, purple: Rnf2, and grey: 
Input control.
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Loss of PRC2-mediated repression induces loss of PRC1 recruitment during early 
development
It is postulated that PRC1 is recruited to chromaƟ n by PRC2-deposited H3K27me3 but can 
also have a funcƟ on independent of PRC2 (17-19). As both Ezh2 and H3K27me3 are absent 
in MZezh2 mutant embryos, we invesƟ gated whether PRC1 is sƟ ll recruited to chromaƟ n 
in MZezh2 mutant embryos. In zebraﬁ sh, Rnf2 is the only catalyƟ c subunit of PRC1 (39). 
ChIP-seq for Rnf2 in wildtype embryos at 24 hpf reveals 4095 peaks (Fig. 1c; AddiƟ onal ﬁ le 
4) which are present at Ezh2 and H3K27me3 posiƟ ve regions (Fig. 1e). We found that 84.9% 
of Ezh2 peaks were also posiƟ ve for Rnf2 in wildtype embryos (AddiƟ onal ﬁ le 1: Figure S1a).
In MZezh2 mutant embryos, only 11 binding sites could be detected for Rnf2 (Fig. 1c) and 
Rnf2 average binding (RPKM) was reduced to background level, as was observed for Ezh2 
and H3K27me3 binding (Fig. 1c, e). This loss of Rnf2 was observed at both gene clusters 
such as hoxab (Fig. 1f) and individual transcripƟ on factors such as tbx3a, tbx5a, and gsc (Fig. 
1g and AddiƟ onal ﬁ le 1: Figure S1b). As for Ezh2 and H3K27me3, Rnf2 remaining peaks in 
MZezh2 mutant embryos were detected in intergenic regions with repeat sequences (Addi-
Ɵ onal ﬁ le 1: Figure S1c).
Thus, the loss of PRC2 binding and H3K27me3 deposiƟ on in MZezh2 mutant embryos is 
associated with a complete loss of Rnf2 on the chromaƟ n.
Loss of H3K27me3 in MZezh2 mutant embryos induces gene speciﬁ c gain of H3K4me3
As PcG and TrxG complexes are known to have an antagonisƟ c eﬀ ect on gene expression 
(22), we invesƟ gated whether the loss of H3K27me3 in MZezh2 mutant embryos changed 
the deposiƟ on H3K4me3, a mark associated with gene acƟ vaƟ on.
To this aim, we performed ChIP-seq for H3K4me3 in both wildtype and MZezh2 mutant 
embryos at 24 hpf. In total, 11979 H3K4me3 peaks were detected in wildtype embryos and 
13401 in MZezh2 mutants (Fig. 2; AddiƟ onal ﬁ le 4). A majority of 11710 peaks were shared 
between wildtype and MZezh2 mutant embryos, whereas 1691 were speciﬁ c for MZezh2 
mutants and a small subset of 269 peaks for wildtype embryos (Fig. 2a, b). Comparison of 
the RPKM-normalized H3K4me3 binding levels between MZezh2 mutant and wildtype em-
bryos showed an overall increase in H3K4me3 enrichment upon loss of Ezh2 on the peak 
locaƟ ons shared among them (Fig. 2b, c). The wildtype speciﬁ c peak locaƟ ons presented 
no diﬀ erence in RPKM coverage between wildtype and MZezh2 mutant embryos (Fig. 2b). 
DetecƟ on of these wildtype-speciﬁ c peaks could therefore be explained by the limitaƟ on 
of the peak detecƟ on algorithm in accurately idenƟ fying low enriched regions, rather than 
being true wildtype-speciﬁ c peaks. In contrast, in MZezh2 mutant embryos, mutant-speciﬁ c 
peak locaƟ ons showed a signiﬁ cant increase in H3K4me3 enrichment level compared to 
wildtype embryos (Fig. 2b). Finally, the binding intensity on the mutant speciﬁ c H3K4me3 
peak locaƟ ons remained relaƟ vely low in MZezh2 mutant embryos and never reached the 
enrichment level detected on the H3K4me3 peak locaƟ ons shared by wildtype and MZezh2 
mutants (Fig. 2b, c).
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Fig. 2 MZezh2 mutant (MZezh2-/-) embryos show increase in H3K4me3 preferenƟ ally on H3K27me3 targets. a 
Number of peaks called aŌ er H3K4me3 ChIP-seq in wildtype and MZezh2-/- embryos at 24 hpf. b Box plots of 
H3K4me3 RPKM-normalized coverage aŌ er ChIP-seq in wildtype and in MZezh2-/- embryos at 24 hpf. t-test: *** 
P-value < 0.001. c UCSC browser snapshots of three genomic loci in wildtype and MZezh2-/- embryos at 24 hpf. d 
Heatmaps of RPKM-normalized coverage aŌ er ChIP-seq for H3K27me3 in wildtype embryos and H3K4me3 and 
H3K27ac in wildtype and MZezh2-/- embryos at 24 hpf. Heatmaps display MZezh2-/- speciﬁ c peaks and peaks shared 
by both wildtype and MZezh2-/- embryos. The input track obtained from 24 hpf wildtype embryos was used as con-
trol. e Percentage of H3K4me3 peaks (+/- 2kb window) showing an overlap with H3K27me3 enriched peaks in 24 
hpf wildtype embryos. Selected peak sets are peaks detected at 24 hpf in wildtype embryos, in MZezh2-/- embryos, 
speciﬁ cally in MZezh2 mutant embryos (MZezh2-/- speciﬁ c), and a random set of 13,626 peaks as control (shuf-
ﬂ ed). Bonferroni-corrected χ2: *** P-value < 0.001. f ScaƩ er plot showing H3K4me3 Count Per Million (CPM) on 
all transcripƟ onal start sites (TSS) in MZezh2-/- embryos as a funcƟ on of H3K4me3 CPM in wildtype embryos at 24 
hpf. Green, red, orange, and grey dots represent a +/- 2 kb window around TSS posiƟ ve for H3K4me4, posiƟ ve for 
H3K27me3, double posiƟ ve for H3K4me3 and H3K27me3, and double negaƟ ve within in 24 hpf wildtype, respec-
Ɵ vely. g Percentage of TSS posiƟ ve for H3K4me3 in MZezh2-/- embryos compared to wildtype (|FC| ≥ 2 and average 
CPM ≥ 2). TSS sets are idenƟ cal to (f). χ2: *** P-value < 0.001, ** P-value < 0.01. h Gene Ontology analysis of the 
closest genes restricted two 2kb upstream or downstream from MZezh2-/- speciﬁ c H3K4me3 peaks.
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We next assessed if the mutant speciﬁ c H3K4me3 peaks upon loss of Ezh2 correlated with 
the presence of H3K27me3 in wildtype embryos. In wildtype embryos, 6.1% of H3K4me3 
peaks were also covered by H3K27me3, which is more than expected by random chance 
(P-value < 0.001). In MZezh2 mutant embryos, a signiﬁ cant increase to 8.3% of the H3K4me3 
peaks was found on regions posiƟ ve for H3K27me3 in wildtypes embryos (P-value < 0.001). 
This enrichment was even higher when taking into account only the MZezh2 mutant speciﬁ c 
H3K4me3 peaks, with 25.1% (P-value < 0.001) of them decorated by H3K27me3 in wildtype 
embryos (Fig. 2d, e). This result shows that the regions posiƟ ve for H3K27me3 in wildtype 
are more suscepƟ ble to gain H3K4me3 upon loss of H3K27me3.
Next, we determined if the epigeneƟ c landscape at the transcripƟ onal start sites (TSS) in 
wildtype embryos had an inﬂ uence on the ability to gain of H3K4me3 upon loss of Ezh2. We 
classiﬁ ed all the TSS from the zebraﬁ sh in four categories according to our ChIP-seq data in 
wildtype embryos: acƟ ve TSS posiƟ ve for H3K4me3, repressed TSS posiƟ ve for H3K27me3, 
TSS posiƟ ve for both marks, and TSS negaƟ ve for both marks. Comparison of the level of 
H3K4me3 binding in MZezh2 mutant and wildtype embryos on these TSS revealed that 3.9% 
(P-value < 0.001) of the H3K27me3 posiƟ ve and 4.4% (P-value < 0.001) of the H3K4me3/
H3K27me3 double posiƟ ve TSS were enriched (Fold Change: FC ≥ 2) for H3K4me3 in MZe-
zh2 mutant embryos compared with random TSS (0.9%). TSS posiƟ ve for only H3K4me3 or 
negaƟ ve for both H3K27me3 and H3K4me3 were less likely to show an increase in H3K4me3 
binding in MZezh2 mutant embryos compared with random TSS (0.6%, P-value < 0.01 and 
0.4%, P-value < 0.001 respecƟ vely) (Fig. 2f, g).
To ﬁ nd all the potenƟ al direct targets of PcG-mediated repression gaining H3K4me3 in ab-
sence of Ezh2, we searched for the closest genes of the H3K4me3 mutant-speciﬁ c peaks, 
which had an H3K27me3 peak in wildtype embryos, and idenƟ ﬁ ed 463 genes. Gene ontol-
ogy analysis revealed that these genes were mainly involved in transcripƟ on regulaƟ on and 
organismal development (Fig. 2h). Among these 463 idenƟ ﬁ ed genes, 143 encode for tran-
scripƟ on factors, among which were members of the hox, tbx, sox, and pax gene families.
During development, gene transcripƟ on is also controlled by enhancer acƟ vaƟ on (40). 
H3K27me3 and H3K27ac are known to have an opposite eﬀ ect on enhancer acƟ vaƟ on, 
the former being associated to poised enhancers and the laƩ er to acƟ ve enhancers (41). 
Therefore, we studied the binding of H3K27ac in 24 hpf embryos lacking H3K27me3. Unlike 
H3K4me3, the number of peaks enriched for H3K27ac decreased by more than a half in 
MZezh2 mutants compared to wildtype (4155 and 8952 peaks detected, respecƟ vely) (Addi-
Ɵ onal ﬁ le 2: Figure S2a; AddiƟ onal ﬁ le 4). This loss of H3K27ac is associated with a decrease 
in coverage intensity (AddiƟ onal ﬁ le 2: Figure S2b).
These results suggest that loss of PcG-mediated repression has a speciﬁ c eﬀ ect rather than 
a general impact on deposiƟ on of acƟ vaƟ ng epigeneƟ c marks.
122
EpigeneƟ c changes in MZezh2 mutant embryos induce upregulaƟ on of transcripƟ on 
factors
As MZezh2 mutant embryos show a complete lack of the H3K27me3 repressive mark and a 
selecƟ ve increase in H3K4me3 acƟ vaƟ ng mark on genes coding for transcripƟ on factors, we 
invesƟ gated the eﬀ ect of loss of Ezh2 on the transcriptome by RNA-sequencing (RNA-seq) 
of wildtypes and MZezh2 mutants at 24 hpf. Diﬀ erenƟ al gene expression analysis between 
the two condiƟ ons revealed a limited eﬀ ect on transcriptome upon the loss of Ezh2. Only 
60 genes were detected to be signiﬁ cantly upregulated (log
2
FC ≥ 1 and P-adj < 0.05) and 
28 genes downregulated (log
2
FC ≤ -1 and P-adj < 0.05) in MZezh2 mutants (Fig. 3a). When 
inspecƟ ng the upregulated genes, we found 60% (compared to 9.3% in all genes, P-value 
< 0.001) of the upregulated genes to be targeted by H3K27me3 in wildtype embryos (Fig. 
3b, c). Furthermore, most of the genes showing the highest increase in gene expression in 
MZezh2 mutants compared to wildtypes were targets of H3K27me3 (Fig. 3b, compare RNA-
seq panel with H3K27me3 ChIP-seq panel). On the other hand, the upregulated genes were 
less likely to be targeted by H3K4me3 in wildtype embryos compared to all zebraﬁ sh genes 
(21.7% compared to 47.8%, P-value < 0.001), yet gained signiﬁ cant binding of H3K4me3 in 
MZezh2 mutant embryos (23.3% compared to 5.3%, P-value < 0.001, Fig. 3b, c). No gain of 
H3K4me3 was detected on genes downregulated in MZezh2 mutants (Fig. 3b, c).
To more thoroughly compare the results obtained by ChIP-seq and RNA-seq, we studied the 
relaƟ on between changes in transcriptome and epigenome by performing Gene Set Enrich-
ment Analysis (GSEA) (42, 43). This analysis revealed that the genes upregulated in MZezh2 
mutants showed enrichment for the set of genes occupied by H3K27me3 in wildtype em-
bryos (n=2336, Fig. 3d, leŌ  panel). The set of genes posiƟ ve for H3K4me3 in wildtype em-
bryos (n=11979) showed no enrichment for neither upregulated nor downregulated genes 
in MZezh2 mutants (Fig. 3d, middle panel). The genes with higher expression in MZezh2 
mutants showed a clear associaƟ on with the presence of MZezh2 mutant speciﬁ c H3K4me3 
peaks (n=1317, Fig. 3d, right panel). Thus, through the GSEA, we can conﬁ rm the associaƟ on 
between the loss of H3K27me3 repressive chromaƟ n and the gain of new H3K4me3 posiƟ ve 
chromaƟ n on speciﬁ c loci with the gain in gene expression in MZezh2 mutant embryos at 
24 hpf.
Gene ontology (GO) analysis of the deregulated genes in MZezh2 mutants revealed enrich-
ment in the biological processes of regulaƟ on of transcripƟ on and development (Fig. 3e), 
a majority of these genes encoding for transcripƟ on factors. Anatomical terms associated 
with the deregulated genes indicated that these genes were expressed in organs showing 
strong phenotypes in MZezh2 mutant embryos, such as ﬁ n bud, reƟ na, and heart tube (Ad-
diƟ onal ﬁ le 3: Figure S3a).
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Fig. 3 Loss of maternal zygoƟ c ezh2 results in overexpression of speciﬁ c developmental genes. a MA-plot showing 
the fold change (log
2
-transformed) between gene expression in 24 hpf MZezh2 mutant (MZezh2-/-) and wildtype 
embryos as a funcƟ on of the normalized average count between the two condiƟ ons (log
10
-transformed) a calcu-
lated with DEseq2. Green: log
2
FC ≥ 1 and P-adj < 0.05, red: log
2
FC ≤ -1 and P-adj < 0.05. b Heatmaps of RPKM-nor-
malized coverage aŌ er ChIP-seq for H3K27me3 in wildtype embryos and H3K4me3 and H3K27ac in wildtype and 
MZezh2-/- embryos at 24 hpf. Heatmaps display 20 kb regions around TSS from genes detected upregulated or 
downregulated in MZezh2-/- embryos compared to wildtype embryos at 24 hpf. The input track obtained from 24 
hpf wildtype embryos was used as control. Most right column represents diﬀ erenƟ al gene expression analysis in 
MZezh2-/- compared to wildtype embryos at 24 hpf. c Percentage of TSS (+/- 2kb window) showing an overlap with 
H3K27me3 (leŌ ) or H3K4me3 (center) in wildtype embryos and with MZezh2-/- speciﬁ c H3K4me3 (right) at 24 hpf. 
Selected TSS sets are all TSS from annotaƟ on, TSS from genes upregulated in MZezh2-/- embryos, and TSS from 
genes downregulated in MZezh2-/- embryos at 24 hpf. χ2: *** P-value < 0.001. d Gene Set Enrichment Analysis 
(GSEA) plots of gene expression changes in MZezh2-/- embryos compared to wildtype embryos at 24 hpf. Gene set 
used for the analyses are H3K27me3 posiƟ ve genes in wildtype embryos (leŌ ), H3K4me3 posiƟ ve genes in wildtype 
embryos (center), and H3K4me3 posiƟ ve genes in MZezh2-/- embryos speciﬁ cally (right) at 24 hpf. e Gene Ontology 
of biological processes analysis of genes upregulated or downregulated in MZezh2-/- embryos compared to wild-
type embryos at 24 hpf.
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Fig. 4 ChromaƟ n and transcriptome changes are translated at the protein level. a Volcano plot showing the 
P-value (-log
10
-transformed) as a funcƟ on of the fold-change (log
2
-transformed) between protein expression level 
in MZezh2 mutant (MZezh2-/-) compared to wildtype embryos at 24 hpf. b GSEA plots of protein expression changes 
in MZezh2-/- embryos compared to wildtype embryos at 24 hpf. Gene sets used for the analyses are H3K27me3 pos-
iƟ ve genes in wildtype embryos (leŌ ), H3K4me3 posiƟ ve genes in wildtype embryos (center), and MZezh2-/- speciﬁ c 
H3K4me3 posiƟ ve genes (right) at 24 hpf. c GSEA plots of protein expression changes in MZezh2-/- embryos com-
pared to wildtype embryos at 24 hpf. Gene sets used for the analyses are genes found upregulated (leŌ ) and genes 
found downregulated (right) in MZezh2-/- compared to wildtype embryos at 24 hpf in our RNA-seq experiments.
DeregulaƟ ons in the epigenome and transcriptome are linked to changes in protein 
expression in MZezh2 mutant embryos
We next performed proteomic analysis of the MZezh2 mutant embryos and compared the 
result with wildtype embryos at 24 hpf. Diﬀ erenƟ al analysis revealed 111 upregulated (log-
2
FC  1.5 and P-adj < 0.05) and 110 downregulated (log
2
FC  -1.5 and P-adj < 0.05) proteins 
(Fig. 4a; AddiƟ onal ﬁ le 4). AŌ er ranking the proteins based on their diﬀ erence in expression 
between the two condiƟ ons, we explored those diﬀ erences in the context of diﬀ erent epi-
geneƟ c marks and changes in the transcriptome by GSEA. Results showed that upregulated 
proteins were enriched in H3K27me3 targets in wildtypes and presented mutant-speciﬁ c 
H3K4me3 peaks in MZezh2 mutant embryos (Fig. 4b). UpregulaƟ on and downregulaƟ on of 
protein expression also correlated with deregulaƟ on of gene expression in transcriptome 
(Fig. 4c). For example, hoxa9b was one of the top overexpressed targets in both the tran-
scriptome and proteome analyses (Fig. 3a, 4a; AddiƟ onal ﬁ le 4).
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In addiƟ on to Ezh2, Suz12b was also found to be downregulated in MZezh2 mutant embryos 
(Fig. 4a). Other PRC2 subunits were either not detected or (not signiﬁ cantly) downregu-
lated. Subunits of the canonical PRC1 complex were mostly overexpressed, although not 
signiﬁ cant (AddiƟ onal ﬁ le 3: Figure S3b).
The low number of deregulated genes detected by both transcriptomic and proteomic 
analyses suggests that changes in expression could be either global and low in intensity or 
limited to speciﬁ c cell types or Ɵ ssues. To test these hypotheses, we carried out a spaƟ al 
expression analysis on selected target genes.
Loss of ezh2 results in expression of hox genes outside their normal expression domains
To start with, we focused on the expression of diﬀ erent genes from the hox gene family. 
These genes are known targets of Polycomb-mediated repression (44) and some of them 
have been previously shown to be deregulated in MZezh2 mutant embryos (35). Every hox 
gene has an expression paƩ ern that is restricted along the anterior-posterior axis (45). To 
obtain spaƟ ally resolved data along the anterior-posterior axis, we performed RT-qPCR on 
the anterior half and the posterior half of 24 hpf wildtype and MZezh2 mutant embryos. 
We then compared the normalized relaƟ ve expression levels between the diﬀ erent halves 
of the MZezh2 mutant and wildtype embryos. The tested hox genes were selected based on 
their domain of expression along the anterior-posterior axis (Fig. 5a-d). The hoxa9a gene, 
whose expression extends to anterior, unƟ l slightly outside the posterior half of the embry-
os, showed, as expected, a higher expression in the posterior part than in the anterior part 
in wildtype embryos (Fig. 5a). In MZezh2 mutants, hoxa9a was overexpressed in the anterior 
compartment compared with wildtype embryos, reaching levels similar to those observed 
in the posterior part of wildtype embryos. No signiﬁ cant diﬀ erences were detected in the 
level of expression when comparing the posterior compartment of MZezh2 mutant and 
wildtype embryos (Fig. 5a). Similar results were obtained for hoxa9b, where overexpression 
was detected in the anterior compartment of MZezh2 mutant embryos compared to the an-
terior compartment of wildtype embryos (Fig. 5b). The hoxa11b and hoxa13b genes, which 
are expressed primarily posterior, showed, as expected, higher expression in the posterior 
half of the wildtype embryos compared to the anterior half (Fig. 5c-d). In the MZezh2 mu-
tant embryos, both hox genes were upregulated in the anterior half of the MZezh2 mutant 
embryos compared to wildtypes (Fig. 5 c-d). In contrast to hoxa9a and hoxa9b, expression 
levels of hoxa11b and hoxa13b in the anterior half of the MZezh2 mutant embryos, though 
locally upregulated, were lower than in the posterior half of the wildtype embryos (Fig. 5 
c-d).
These comparaƟ ve analyses of anterior and posterior parts of the embryo suggest that, 
upon loss of Ezh2, hox genes show an ectopic anterior expression while keeping wildtype 
expression levels in their normal expression domains.
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Fig. 5 Loss of maternal and zygoƟ c ezh2 results in ectopic expression of hox genes. a, b, c, d Expression analysis of 
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mutant (MZezh2-/-) embryos. Boxplots on the right side of each panel represent normalized counts from RNA-seq 
experiments in MZezh2-/- and wildtype whole embryo lysates at 24 hpf. Above is a schemaƟ c representaƟ on of 1 
dpf embryos. Black boxes represent the expression domains of the hox genes in wildtype embryos based on pub-
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embryo used for RT-qPCR analysis. For RT-qPCR, relaƟ ve expression was calculated based on the expression of the 
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P-value < 0.01, * P-value < 0.05). For RNA-seq, the adjusted P-values were extracted from Diﬀ erenƟ al Expression 
analysis with DEseq2.
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Diﬀ erent transcripƟ on factors show various deregulaƟ on proﬁ les in the absence of Ezh2
To further pursue our invesƟ gaƟ on on the changes in gene expression paƩ erns in absence 
of Ezh2, we performed in situ hybridizaƟ on (ISH) on members from the tbx gene family 
of transcripƟ on factors. The tbx2a, tbx2b, tbx3a, and tbx5a genes have parƟ al overlapping 
expression paƩ erns in wildtype embryos, but also display gene speciﬁ c expression domains 
(Fig. 6a). At 24 hpf, these tbx gene family members are expressed in the dorsal region of the 
reƟ na, in the heart, and the pectoral ﬁ ns (46, 47). In addiƟ on, the genes tbx2a, tbx2b, and 
tbx3a are expressed in the oƟ c vesicle. The genes tbx2b and tbx3a are expressed in diﬀ erent 
ganglions and neurons in anterior and posterior regions of wildtype embryos (46). Finally, 
expression of tbx2b can also be detected in part of pharyngeal arches 3-7 and the distal 
region of the pronephros and tbx3a expression can be detected in the brachial arches (48). 
This spaƟ al prevalence of tbx gene expression in the anterior half of the embryo was also 
detected by RT-qPCR at 24 hpf, where tbx2a, tbx2b and tbx5a expression was signiﬁ cantly 
higher in the anterior than in the posterior part of wildtype embryos (Fig. 6b).
ISH for these tbx genes on MZezh2 mutant embryos at 24 hpf suggests ectopic expression of 
these transcripƟ on factors around their normal expression paƩ ern in the eye, the oƟ c vesi-
cle, and the heart, except for tbx2b (Fig. 6a). This scaƩ ering in gene expression was reﬂ ected 
in a trend towards a higher expression in the anterior half of MZezh2 mutant embryos as 
detected by RT-qPCR, although only the expression diﬀ erences found for tbx2a and tbx5a 
were signiﬁ cant (Fig. 6b). In addiƟ on, ISH for tbx5a, and to a lesser extent tbx3a, showed 
ubiquitous expression throughout the enƟ re body of MZezh2 mutants which was not visible 
in wildtypes (Fig. 6a). RT-qPCR results conﬁ rmed increased expression of tbx5a in both the 
anterior and posterior half of the MZezh2 mutant embryos (Fig. 6b).
Besides the observed ectopic expression, all tested tbx genes showed absence of expression 
in speciﬁ c structures upon Ezh2 loss. For example, in MZezh2 mutant embryos, all four tbx 
genes showed no expression in the ﬁ n bud (Fig. 6a). In MZezh2 mutant embryos, the gene 
tbx2b showed no expression in the pharyngeal arches 3-7 and the lateral line ganglions, and 
tbx3a was not observed in the branchial arches (Fig 6a). This absence of expression was not 
detected by RT-qPCR (Fig. 6b), but a trend toward downregulaƟ on for tbx2b was observed 
in RNA-seq results on whole MZezh2 mutant embryo lysates (Fig. 6c).
In addiƟ on, we tested transcripƟ on factors from other families which were targeted by 
H3K27me3 in wildtype. The transcripƟ on factor isl1, expressed in all primary neurons (49), 
showed a similar absence of expression in the pharyngeal arches and the lateral line gangli-
ons in MZezh2 mutant embryos, as observed for tbx2a. Its expression was also absent in the 
ventral region of the eye and in the pronephros from MZezh2 mutant embryos, where it is 
normally expressed in wildtype embryos (50, 51) (Fig. 6a). This loss of expression in MZezh2 
mutant embryos was not detected by RT-qPCR, but a clear tendency toward downregulaƟ on 
was detected by RNA-seq (Fig. 6b, c). Even more surprising was the expression paƩ ern of 
gsc in the MZezh2 mutant embryos, where all the wildtype embryos show highly speciﬁ c 
expression in the telencephalon and diencephalon nuclei, the branchial arches, and the oƟ c 
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Fig. 6 TranscripƟ on factor expression is spaƟ ally deregulated in MZezh2 mutant (MZezh2-/-) embryos. a, b, c 
SpaƟ al expression analysis by (a) in situ hybridizaƟ on (ISH), (b) RT-qPCR on anterior half and posterior half, and (c) 
RNA-seq results of transcripƟ on factors tbx2a, tbx2b, tbx3a, tbx5a, isl1, and gsc in 24 hpf embryos. In ISH, scale
bars represent 1 mm. For RT-qPCR, relaƟ ve expression was calculated based on the expression of the housekeeping 
gene actb1. Error bars represent standard deviaƟ ons. RelaƟ ve expression was compared between anterior or pos-
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vesicle (48). This expression was lost and replaced by a weak but ubiquitous expression in 
MZezh2 mutant embryos (Fig. 6a). This observaƟ on was conﬁ rmed by RT-qPCR and RNA-seq 
where upregulaƟ on of gsc was clearly detected in MZezh2 mutant embryos (Fig. 6b, c).
Taken together, these spaƟ al expression analyses showed that, the tested transcripƟ on fac-
tors are expressed outside their normal wildtype expression boundaries in MZezh2 mutant 
embryos at 24 hpf. Furthermore, expression of some of these genes is lost in speciﬁ c Ɵ ssues 
in the MZezh2 mutant embryos.
Discussion
The setup of speciﬁ c transcripƟ onal expression paƩ erns and their maintenance by PcG com-
plexes are thought to be essenƟ al for early development to maintain proper expression of 
genes aŌ er cellular idenƟ ty has been established (28-30). Our analysis of epigeneƟ c, tran-
scriptomic, and proteomic changes in absence of maternal and zygoƟ c Ezh2 in zebraﬁ sh 
embryos reveals how PcG repression performs this funcƟ on.
Here, we showed for the ﬁ rst Ɵ me the genome-wide binding paƩ erns of Ezh2 and Rnf2, the 
catalyƟ c subunits of PRC2 and PRC1, respecƟ vely, in 24 hpf zebraﬁ sh embryos. The overall 
overlap between the binding paƩ erns of Ezh2, Rnf2, and the PcG related epigeneƟ c mark 
H3K27me3 suggests that the PcG-mediated gene repression mechanisms (10) are evolu-
Ɵ onary conserved in zebraﬁ sh development. The complete loss of H3K27me3 in MZezh2 
mutant embryos reveals that Ezh2 is the only methyltransferase involved in trimethylaƟ on 
of H3K27 during early zebraﬁ sh development. This result was expected as Ezh1, the only 
other H3K27me3 methyltransferase, is not maternally loaded nor expressed in the zebraf-
ish embryo unƟ l at least aŌ er 1 dpf (35, 37, 52). In addiƟ on, proteomics results showed 
decreased protein expression of most PRC2 subunits. This could indicate a destabilizaƟ on 
of PRC2 in absence of the catalyƟ c subunit in MZezh2 mutant embryos. We could therefore 
conﬁ rm that zebraﬁ sh embryos can form a normal body plan in absence of PRC2-mediated 
gene repression.
The total loss of Rnf2 binding in the MZezh2 mutants suggests that only the canonical path-
way, in which PRC2 is required for PRC1 recruitment, is acƟ ve during this stage of develop-
ment. This absence of PRC1 recruitment to the chromaƟ n is not caused by an absence of 
the complex in the MZezh2 mutants, since most of the PRC1 subunits were detectable and 
even upregulated as shown by proteomic analysis. This is in contrast with studies in cultured 
mouse embryonic stem cells where non-canonical PRC1 complexes were shown to be re-
wildtype embryos and adjusted P-values were taken from Diﬀ erenƟ al Expression analysis with DEseq2. all: anterior 
lateral lane ganglion, ba: branchial arch, de: diencephalon, drp: distal region of the pronephros, dscn: dorsal spinal 
cord neurons, e: eye, ep: epiphysis, fn: forebrain nuclei, h: heart, hmn: hindbrain motor neurons, llg: lateral lane 
ganglion, mot: primary motor neurons, ov: oƟ c vesicle, pa: pharyngeal arches, pan: pancreas, pf: pectoral ﬁ n, pro: 
pronephros, sc: spinal cord, tdn: telencephalon and diencephalon nuclei, te: telencephalon, tg: trigeminal ganglion, 
vdc: ventral diencephalon; vg: ventral ganglion.
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cruited to developmental regulated genes independently of PRC2 (17, 19). Others suggest-
ed a conserved mechanism in Drosophila melanogaster and human where H3K27me3-in-
dependent PRC1 recruitment is restricted to diﬀ erenƟ ated cells and non-developmental 
genes (18). Diﬀ erences between these studies could be explained by the diversity of PRC1 
complexes present at diﬀ erent developmental stages and in diﬀ erent species (15). Future 
studies focusing on a beƩ er understanding of the diversity of PRC1 complexes would help 
understanding these opposing results.
In our study, around 15% of Ezh2 peaks did not overlap with H3K27me3 peaks in wildtype 
embryos. A closer look at these Ezh2 peaks showed that they were posiƟ ve for Rnf2. In-
teresƟ ngly, these peaks were also enriched for H3K4me3 and H3K27ac binding in wildtype 
embryos. This suggests that these regions may represent acƟ ve promoters or enhancers 
(AddiƟ onal ﬁ le 1: Figure S1d). Such a binding of Ezh2 on acƟ ve enhancers in absence of 
H3K27me3 deposiƟ on was previously observed during Xenopus development (53). In ad-
diƟ on, in our ChIP-seq data, the acƟ ve enhancer mark H3K27ac appears to be globally re-
duced in absence of Ezh2 in MZezh2 mutant embryos. In mouse, PRC2 was shown to be 
required for proper acƟ vaƟ on of enhancers during embryonic stem cell diﬀ erenƟ aƟ on (54). 
Altogether, these observaƟ ons suggest that Polycomb complexes could also be involved in 
control of enhancer acƟ vaƟ on during zebraﬁ sh development.
As repressive and acƟ vaƟ ng marks are known to antagonize each other (24), one could ex-
pect an increase in the H3K4me3 level deposited by TrxG proteins in absence of H3K27me3 
associated with an increase in gene acƟ vaƟ on. However, the eﬀ ects on H3K4me3 deposi-
Ɵ on, gene expression, and protein expression are limited in MZezh2 mutant embryos at 24 
hpf. This observaƟ on is in agreement with the near complete absence of a phenotype at this 
developmental Ɵ me point. Thus, it appears that transcripƟ onal regulaƟ on during zebraﬁ sh 
development is largely PRC2-independent unƟ l later stages of development, when mainte-
nance of cellular idenƟ ty is required. These results were unexpected, as PRC2 is described 
to be essenƟ al during mammalian development already during gastrulaƟ on (28-30). Explor-
ing distribuƟ on of other repressive epigeneƟ c marks, such as DNA methylaƟ on and histone 
H3 trimethylaƟ on on lysine 9 (H3K9me3), in MZezh2 mutant embryos could reveal com-
pensaƟ on mechanisms safeguarding gene repression during early development. Indeed, it 
was previously shown that absence of both DNA methylaƟ on and H3K9me3 could inﬂ uence 
H3K27me3, and reciprocally (55-57). The correlaƟ on found between our transcriptomic and 
proteomic data suggests that the eﬀ ect of chromaƟ n deregulaƟ on on gene expression is 
translated to the protein level and that changes in gene expression were not compensated 
by post-transcripƟ onal mechanisms.
Although limited, genes that show a gain in H3K4me3 deposiƟ on or gain in gene expression 
upon loss of ehz2 are mainly transcripƟ on factors targeted by H3K27me3 in wildtype em-
bryos. That only a minor fracƟ on of all H3K27me3 target genes gained expression (4.1%) 
is an interesƟ ng observaƟ on, as it suggests diﬀ erent regulaƟ on mechanisms of H3K27me3 
target genes. Our hypothesis is that signaling pathways and transcripƟ on factor networks 
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determine gene expression control (58), and that this mechanism is robust in zebraﬁ sh. 
Proper gene expression can therefore be maintained unƟ l 1 dpf in absence of repression 
by PcG complexes. At 1 dpf, in absence of PcG-mediated repression, the ﬁ rst derepressed 
genes will be the genes subjected to the most ﬁ ne-tuned transcripƟ onal control, such as 
genes controlled by precise morphogen gradients. For example, it was shown that PRC2 
aƩ enuates expression of genes controlled by reƟ noic acid signaling (59, 60). In vertebrates, 
and most parƟ cularly zebraﬁ sh, reƟ noic acid signaling is responsible for inducƟ on of forma-
Ɵ on of, among others, the forelimb ﬁ eld (61, 62), dorsoventral paƩ erning of vertebrate eyes 
(63, 64), hindbrain paƩ erning (65), hox gene expression (66), and the development of other 
organs (67). All these processes were shown to be aﬀ ected in MZezh2 mutant embryos at 
24 hpf and onwards. Therefore, reƟ noic acid signaling response could be severely aﬀ ected 
in MZezh2 mutant embryos, causing the defects in expression paƩ erns and organ develop-
ment observed.
SpaƟ al analysis of gene expression revealed diﬀ erent eﬀ ects on gene expression paƩ erns 
caused by loss of Ezh2, which could not be detected by RNA-seq on whole embryo lysates. 
For example, anterior-posterior speciﬁ c RT-qPCR showed that hox genes become abnormal-
ly expressed in the anterior half of the MZezh2 mutant embryos; whereas expression levels 
in the posterior half remained unchanged. These results are in agreement with previous 
studies showing ectopic expression of hox genes in PRC1 and PRC2 zebraﬁ sh mutants (35, 
68). Other transcripƟ on factors, such as the tbx gene family members, showed more diverse 
paƩ erns of deregulaƟ on compared to hox genes. ISH and RT-qPCR showed that tbx2a was 
overexpressed outside its normal expression domains and tbx3a and tbx5a were both ubiq-
uitously upregulated and expressed outside their normal domains. The case of eye paƩ ern-
ing is a good example of the defect in control of gene expression paƩ ern in MZezh2 mutant 
embryos. In wildtype embryos, at 24 hpf, tbx genes are expressed in the dorsal part of the 
eye whereas isl1 is expressed in the ventral part. Upon loss of Ezh2, our ISH results showed 
that the expression of the tbx genes expands to the whole eye whereas isl1 disappears from 
the ventral region. We concluded that the loss of Ezh2 mainly induces an expansion of the 
expression domain of transcripƟ on factors outside their normal boundaries, whereas their 
endogenous expression level remains stable. Polycomb-mediated repression is therefore 
responsible for maintenance of expression domains rather than control of expression level, 
eventually leading to observed phenotypes, such as smaller eyes.
Expression analysis by ISH for tbx and hox genes as well as for isl1 also showed loss of ex-
pression in speciﬁ c structures in MZezh2 mutant embryos. We reasoned that, for example, 
the absence of expression of hox and tbx genes in the ﬁ n bud could be a secondary eﬀ ect 
due to the absence of this structure in MZezh2 mutants (35). The same phenomenon could 
explain the lack of detecƟ on of tbx2b and isl1 in pharyngeal arches and lateral line ganglions, 
although the absence of these structures has not been studied in MZezh2 mutant embry-
os. The case of gsc expression is more striking, as its normal expression paƩ ern is totally 
abolished and replaced by a ubiquitous expression paƩ ern. The gsc gene is known to be ex-
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pressed in the Spemann organizer during gastrulaƟ on and therefore all cells will transiently 
express gsc when undergoing gastrulaƟ on (69, 70). In absence of Ezh2, gsc expression could 
remain acƟ ve in all cells aŌ er leaving the Spemann organizer, leading to a ubiquitous ex-
pression paƩ ern and impaired Ɵ ssue speciﬁ c expression in 24 hpf MZezh2 mutant embryos.
Conclusions
The eﬀ ects of the absence of PcG-mediated gene repression were detected on speciﬁ c tran-
scripƟ on factors, which start to be expressed outside their normal expression domains. We 
hypothesize that subtle changes in expression of these master gene regulators subsequently 
will lead to progressive and accumulaƟ ng changes in gene network regulaƟ on. This loss of 
proper balance in gene expression eventually results in loss of Ɵ ssue idenƟ ty maintenance 
and thereby to the ubiquitous phenotype observed at 48 hpf in MZezh2 mutant embryos. 
Taken together, our data show that early zebraﬁ sh development, including germ layer for-
maƟ on and cell fate speciﬁ caƟ on, is independent of PcG-mediated gene repression. Our 
results consƟ tute a major advance to further our understanding of the mechanisms of epi-
geneƟ c, and more speciﬁ c PcG group protein-mediated, gene regulaƟ on during vertebrate 
development.
Methods
Zebraﬁ sh geneƟ cs and strains
Zebraﬁ sh (Danio rerio), were housed according to standard condiƟ ons (72) and staged according to Kimmel et al. 
(73). The ezh2 nonsense mutant (hu5670) (35), Tg(H2A::GFP) (74), and Tg(vas::eGFP) (75) zebraﬁ sh lines have been 
described before. Genotyping of the ezh2 allele was performed as previously described (35) with following adap-
taƟ ons: diﬀ erent primer pairs were used for PCR and nested PCR (AddiƟ onal ﬁ le 5), of which the restricƟ on proﬁ le 
is shown on AddiƟ onal ﬁ le 1 Figure S1f. All experiments were carried out in accordance with animal welfare laws, 
guidelines, and policies and were approved by the Radboud University Animal Experiments CommiƩ ee.
Germ cell transplantaƟ on
Germ cell transplantaƟ on was performed as described previously (35). For all experiments below, ezh2 germline 
mutant females were crossed with ezh2 germline mutant males to obtain 100% MZezh2 mutant progeny. The 
germline wild-type sibling males and females obtained during transplantaƟ on were used to obtain 100% wildtype 
progeny with similar geneƟ c background and are referred to as wildtype. The embryos used were all from the ﬁ rst 
generaƟ on aŌ er germline transplantaƟ on.
Western bloƫ  ng
At 3.3 hpf, 50 embryos were collected, resuspended in in 500 μl ½ Ringer soluƟ on (55 mM NaCl, 1.8 mM KCl, 1.25 
mM NaHCO
3
) and forced through a 21G needle and a cell strainer in order to remove the chorion and disrupt the 
yolk. At 24 hpf, 20 embryos were collected and resuspended by thorough pipeƫ  ng in 500μl ½ Ringer soluƟ on in 
order to disrupt the yolk. The samples of 3.3 and 24 hpf were centrifuged for 5 minutes at 3500 g at 4°C and washed 
two addiƟ onal Ɵ mes with 500 μl ½ Ringer soluƟ on. The embryo pellet was frozen in liquid nitrogen and stored at 
-80°C. Whole protein extracƟ on was performed by adding 40 μl of RIPA buﬀ er (100 mM Tris-HCl pH 8, 300 mM 
NaCl, 2% NP-40, 1% Sodium Deoxycholate, 0.2% SDS, 20% glycerol, 1x cOmplete EDTA-free protease inhibitor cock-
tails from Sigma) and sonicaƟ on for 2 cycles of 15s ON and 15s OFF on medium power at 4°C on a PicoBioruptor 
(Diagenode). AŌ er 10 minutes incubaƟ on at 4°C, embryo lysates were centrifuged for 12 minutes at 16000 g at 4°C 
and supernatant was transferred in a new tube. 20 μg protein was mixed with SDS containing sample loading buf-
fer, denaturated at 95°C for 5 minutes and analyzed by Western blot analysis. AnƟ bodies used for immunobloƫ  ng 
are described in AddiƟ onal ﬁ le 6 HRP-conjugated anƟ -rabbit secondary anƟ body was used (AddiƟ onal ﬁ le 6) and 
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protein detecƟ on was performed with ECL Select Western Bloƫ  ng DetecƟ on Reagent (GE Healthcare, RPN2235) 
on an ImageQuant LAS 4000 (GE Healthcare).
ChIP-sequencing
For chromaƟ n preparaƟ on, embryos from a germline mutant or germline wildtype incross were collected at 24 hpf 
and processed per batches of 300 embryos. Embryos were ﬁ rst dechorionated by pronase (0.6 μg/μl) treatment 
and then extensively washed with E3 medium. Subsequently, embryos were ﬁ xed in 1% PFA (EMS, 15710) for 15 
minutes at room temperature and ﬁ xaƟ on was terminated by adding 0.125M glycine and washed 3 Ɵ mes in cold 
PBS. Yolk from ﬁ xed embryos was disrupted by pipeƫ  ng the ﬁ xed embryos 10 Ɵ mes with a 1 ml Ɵ p in 600 μl of 
½ Ringer soluƟ on (55 mM NaCl, 1.8 mM KCl, 1.25 mM NaHCO
3
) and incubated for 5 minutes at 4°C on a rotaƟ ng 
wheel. Embryos were pelleted by centrifuging 30 seconds at 300 g and the supernatant was removed. De-yolked 
embryos were resuspended in 600 μl sonicaƟ on buﬀ er (20 mM Tris-HCl pH 7.5, 70 mM KCl, 1 mM EDTA, 10% 
glycerol, 0.125% NP40, 1x cOmplete EDTA-free protease inhibitor cocktails from Sigma) and homogenized with a 
Dounce homogenizer (6 strokes with pestle A, followed by 6 strokes with pestle B). Homogenates were sonicated 
for 6 cycles of 30 seconds ON/30 seconds OFF on a PicoBioruptor (Diagenode), centrifuged for 10 minutes at 16000 
g at 4°C, and the supernatant containing the chromaƟ n was stored at -80°C. 20 μl of the supernatant was subjected 
to phenol-chloroform extracƟ on and ran on an agarose gel to verify that a proper chromaƟ n size of 200-400 bp 
was obtained.
For ChIP, 100 μl of chromaƟ n preparaƟ on (corresponding to 50 embryos) was mixed with 100 μl IP-buﬀ er (50 mM 
Tris-HCL pH 7.5, 100 mM NaCl, 2 mM EDTA, 1% NP-40, 1x cOmplete EDTA-free protease inhibitor cocktails from 
Sigma) and anƟ body (for details on anƟ bodies used see AddiƟ onal ﬁ le 6) and incubated overnight at 4°C on a ro-
taƟ ng wheel. For immunoprecipitaƟ on, 20 μl of protein G magneƟ c beads (Invitrogen, 1003D) were washed in IP 
buﬀ er and then incubated with the chromaƟ n mix for 2 hours at 4°C on a rotaƟ ng wheel. Samples were washed in 
500 μl washing buﬀ er 1 (IP-buﬀ er + 0.1% Sodium Deoxycholate), followed by washing in washing buﬀ er 2 (washing 
buﬀ er 1 + 400mM NaCl), washing buﬀ er 3 (washing buﬀ er 1 + 250mM LiCl), washing buﬀ er 1 and a ﬁ nal wash in 
250 μl of TE buﬀ er. All washes were 5 minutes at 4°C on a rotaƟ ng wheel. ChromaƟ n was eluted from the beads 
by incubaƟ on in 100 μl of eluƟ on buﬀ er (50 mM NaHCO
3
 pH 8.8, 1% SDS) for 15 minutes at 65°C at 900 rpm in a 
thermomixer. The supernatant was transferred in a clean 1.5 ml tube. EluƟ on was repeated a second Ɵ me and both 
supernatants were pooled. The eluate was treated with 0.33 μg/μl RNaseA for 2 hours at 37°C. Samples were then 
decrosslinked by adding 10 μl of 4M NaCL and 1 μl of 10mg/ml proteinase K and incubated overnight at 65°C. DNA 
was then puriﬁ ed using MinElute ReacƟ on Clean-Up kit (Qiagen, 28204).
1-5 ng of DNA was used to prepare libraries with the KAPA Hyper Prep Kit (KAPABiosystems, KK8504) and NEXTﬂ ex 
ChIP-Seq Barcodes for Illumina (Bioo ScienƟ ﬁ c, 514122) followed by paired-end 43bp sequencing on an Illumina 
NextSeq500 plaƞ orm. All ChIP-seq were performed in two biological replicates, except for Rnf2 in wildtype em-
bryos which was performed once and H3K27ac which was performed in triplicate in both wildtype and mutant 
embryos.
RNA-sequencing
Ten to twenty manually dechorionated 24 hpf embryos of a germline mutant incross and a germline wildtype 
incross were homogenized in TRIzol (Ambion, 15596018). Subsequently, the Quick RNA microprep kit (Zymo Re-
search, R1051) was used to isolate RNA and treat the samples with DNAseI. Most samples were depleted from 
rRNA using the Ribo-Zero rRNA Removal Kit (Illumina, MRZH11124), followed by fragmentaƟ on, cDNA synthesis, 
and libraries were generated using the KAPA Hyper Prep Kit (KAPABiosystems, KK8504). Sequencing libraries were 
paired-end sequenced (43 bp read-length) on an Illumina NextSeq500 plaƞ orm. However, two samples per geno-
type were generated with the TruSeq Stranded Total RNA Library Prep Kit with Ribo-Zero (Illumina, RS-122-2201) 
and single-end sequenced (50 bp read-length) on an Illumina HiSeq 2500. For wildtype and MZezh2 mutant embry-
os, 6 and 7 biological replicates were used, respecƟ vely.
Mass spectrometry
At 24 hpf, 50 embryos were collected, dechorionated, and resuspended by gently pipeƫ  ng in 500 μl deyolking buf-
fer (½ Ginzburg Fish Ringer without Calcium: 55 mM NaCl, 1.8 mM KCl, 1.25 mM NaHCO3, 1x cOmplete EDTA-free 
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protease inhibitor cocktail from Sigma) and incubated for 5 minutes in a Thermomixer at RT at 1100 rpm to disrupt 
the yolk. The samples were then centrifuged for 30 seconds at 400 g and the pellet was washed two Ɵ mes in 0.5 
ml wash buﬀ er (110 mM NaCl, 3.5 mM KCl, 2.7 mM CaCl2, 10mM Tris/Cl pH8.5, 1x cOmplete EDTA-free protease 
inhibitor cocktail from Sigma) for 2 minutes in a Thermomixer at RT and 1100 rpm, followed by 30 seconds centrif-
ugaƟ on at 400 g. Washed pellets were lysed in 100 μl RIPA buﬀ er (50 mM Tris pH8.0, 150 mM NaCl, 0.1% SDS, 1% 
NP-40, 0.5% DOC, 20% glycerol, 1 mM Sodium Orthovanadate, 1x cOmplete EDTA-free protease inhibitor cocktails 
from Sigma) and sonicated for 2 cycles of 15s ON and 15s OFF on full power at 4°C on a Bioruptor (Diagenode). 
Samples were incubated for 1 hour on a rotaƟ ng wheel at 4°C and centrifuged 10 minutes at 12000g and 4°C. 
Supernatant was ﬂ ash frozen and stored at -80°C. AŌ er Bradford analysis, 100 μg protein lysate was used for FASP-
SAX as previously described (76). The pepƟ de fracƟ ons were separated on an Easy nLC 1000 (Thermo ScienƟ ﬁ c) 
connected to a Thermo scienƟ ﬁ c Orbitrap Fusion Tribrid mass spectrometer. MS and MS/MS spectra were recorded 
in a top speed modus with a run cycle of 3s using Higher- energy Collision DissociaƟ on (HCD) fragmentaƟ on. The 
raw mass spectrometry data were analyzed using the MAXQuant soŌ ware version 1.6.0.1 (hƩ p://www.ncbi.nlm.
nih.gov/pubmed/19029910) with default seƫ  ngs. Data was searched against the Danio rerio data base (UniProt 
June 2017). The experiment was performed with biological triplicates for each condiƟ on.
BioinformaƟ cs analyses
For ChIP-sequencing analysis, fastq ﬁ les were aligned to GRCz10 zebraﬁ sh genome version using BWA-MEM (ver-
sion 0.7.10-r789) for paired-end reads (77). Duplicated and mulƟ mapping reads were removed using samtools 
(78) version 1.2 and Picard tools (hƩ p://broadinsƟ tute.github.io/picard) version 2.14.1. MACS2 (79) version 2.1.1 
was used to call peaks from each aligned bam ﬁ les using an Input track from 24 hpf wild-type embryos as control 
sequence. Peaks separated by less than 1kb distance were merged, peaks that were called using Input alone were 
removed from all data sets using bedtools suit version 2.20.1, and the intersecƟ on between the two replicates 
for each anƟ body in each condiƟ on was used to deﬁ ne the deﬁ niƟ ve peak sets. For visualizaƟ on, fastq ﬁ les from 
duplicate ChIP-sequencing were merged, aligned as described above, and transformed into bigwig alignment ﬁ les 
using bam2bw version 1.25. Peak lists were analyzed using bedtools and heatmaps were produced using deepTools 
plotHeatmap (80) version 2.5.3.
For RNA-sequencing analysis, read counts per gene were retrieve using GeneCounts quanƟ ﬁ caƟ on method from 
STAR (81) version 2.4.0 and the GRCz10 zebraﬁ sh genome version with Ensembl annotaƟ on version 87 as reference. 
Diﬀ erenƟ al expression analysis was calculated with DESeq2 (82) version 1.14.1.
For proteomics analysis, diﬀ erenƟ al expression of protein between condiƟ ons was assessed with DEP (83) version 
1.2.0.
Gene Ontology analyses on selected genes were performed using DAVID bioinformaƟ cs resources (84) version 
6.8 and anatomical term enrichment was done using ZEOGS (85). GSEA were performed with the GSEA soŌ ware 
from the Broad InsƟ tute (42, 43) version 3.0. To analyze the proteomics data, a pre-ranked list was generated by 
z-scoring the proteins based on their log
2
FC calculated with DEP. Only proteins with an Ensembl accession number 
were consider for further analyses.
Whole mount in situ hybridizaƟ on
Embryos at 24 hpf were dechorionated and ﬁ xed overnight at 4°C in 4% PFA in PBST (0.1% Tween), aŌ er which they 
were gradually transferred to 100% methanol. Prior to ISH, embryos were gradually transferred back to PBST and, 
subsequently, ISH was performed as described previously (85). The embryos were imaged by light microscopy on a 
Leica MZFLIII, equipped with a DFC450 camera.
RT-qPCR analyses
Total RNA was isolated using Trizol from 20 ﬂ ash-frozen dechorionated 24 hpf wildtype and MZezh2 mutant em-
bryos cut in two with tweezers. Reverse transcripƟ on was achieved using Superscript III (Invitrogen, 18080093) and 
poly-dT primers. Standard qPCR using SYBR Green (iQ SYBR Green Supermix, BioRad, 1708880) was performed us-
ing the primers shown in AddiƟ onal ﬁ le 5. RelaƟ ve expression was calculated based on expression of housekeeping 
genes β-acƟ n. CalculaƟ ons were based on at least 3 independent replicates for both condiƟ ons.
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AddiƟ onal ﬁ le 1: Figure S1. Analysis of Ezh2, H3K27me3, and Rnf2 binding in wildtype and MZezh2 mutant 
(MZezh2-/-) embryos at 24 hpf. a Venn diagrams presenƟ ng the overlap between Ezh2 and H3K27me3 and between 
Ezh2 and Rnf2 peaks detected in 24 hpf wildtype embryos. b UCSC browser snapshots of three genomic loci depict-
ing Ezh2, H3K27me3, and Rnf2 binding aŌ er ChIP-seq in MZezh2-/- embryos compared to wildtype embryos at 24 
hpf. c UCSC browser snapshots of two genomic loci (chr13:1,134,029-1,134,242 and chr13:40,038,792-40,038,959) 
representaƟ ve of a-speciﬁ c binding present on repeat regions for all tested epigeneƟ c marks aŌ er ChIP-seq in 
MZezh2-/- and wildtype embryos at 24 hpf. Upper lane represents a-speciﬁ c peak called aŌ er Ezh2 ChIP-seq in 
MZezh2-/- embryos. d Heatmaps for Ezh2, H3K27me3, Rnf2, H3K4me3, and H3K27ac RPKM-normalized coverage 
aŌ er ChIP-seq in 24 hpf wildtype embryos. Windows of 20 kb regions at all H3K27me3 and Ezh2 peaks in 24 hpf 
wildtype embryos are shown. An input track obtained from 24 hpf wildtype embryos was used as control. e Ex-
ample of ezh2(hu5670) genotyping results aŌ er nested PCR, RsaI restricƟ on, and gel electrophoresis in MZezh2 
wildtype (MZezh2+/+), MZezh2 heterozygous (MZezh2+/-), and MZezh2 mutant (MZezh2-/-) embryos.
40
00
0
80
00
specific
shared
nu
mb
ero
f p
ea
ks
wi
ldt
yp
e
MZ
ez
h2
-/-
H3K27ac peaks
0
2
4
6
8
10
12
shared 
N=3340
wi
ldt
yp
e
MZ
ez
h2
-/-
INP
UT
RP
KM
A B
***
wildtype 
specific
N=5612
0
2
4
6
8
10
12
wi
ldt
yp
e
MZ
ez
h2
-/-
INP
UT
***
0
2
4
6
8
10
12
MZezh2-/- 
specific
N=815
wi
ldt
yp
e
MZ
ez
h2
-/-
INP
UT
***
AddiƟ onal ﬁ le 2: Figure S2. Decrease of H3K27ac binding in MZezh2 mutant (MZezh2-/-) embryos at 24 hpf. a Num-
ber of peaks called aŌ er H3K27ac ChIP-seq in wildtype and MZezh2-/- embryos at 24 hpf. Dark and light blue boxes 
show peaks detected in both wildtype and MZezh2-/- embryos or speciﬁ c to one condiƟ on, respecƟ vely. Each peak 
set was obtained by the intersecƟ on of at least two out of three independent replicates. b. Box plots of H3K27ac 
RPKM-normalized coverage aŌ er ChIP-seq in wildtype and in MZezh2-/- embryos at 24 hpf. The input control was 
obtained from wildtype embryos at 24 hpf. Coverages were calculated based on enriched peaks detected in both 
wildtype and MZezh2-/- embryos (shared), speciﬁ c for MZezh2-/- embryos, and speciﬁ c for wildtype embryos. t-test: 
*** P-value < 0.001. 
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AddiƟ onal ﬁ le 3: Figure S3. RNA-seq and proteomics analysis in MZezh2 mutant (MZezh2-/-) embryos at 24 hpf. a 
Analysis of anatomical terms associated with genes upregulated and downregulated in MZezh2-/- embryos com-
pared to wildtype embryos at 24 hpf. b SchemaƟ c representaƟ on of changes in protein expression level of PRC2 
(leŌ ) and canonical PRC1 (right) subunits in MZezh2-/- compared to wildtype embryos at 24 hpf. Dark red: log-
2
fold-change ≥ 1 and P-value ≤ 0.05, light red: log
2
fold-change ≥ 0, green: log
2
fold-change ≤ 0, grey: protein not 
detected.
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In this thesis a selecƟ on of Polycomb group (PcG) proteins has been studied in zebraﬁ sh, 
with special a focus on embryogenesis. Chapter 2 shows the expression of a subset of PcG 
genes during diﬀ erent stages of embryonic development and gametogenesis and it contains 
data about which PcG genes are maternally loaded. We idenƟ ﬁ ed the majority of the sub-
units of the Polycomb Repressive Complexes (PRCs) to be maternally loaded and we studied 
the role of Rnf2 and Ezh2, the enzymaƟ c subunits of PRC1 and PRC2, respecƟ vely, in more 
detail in chapter 3-5.
The expression of PcG genes within the cell
When studying the funcƟ on of a protein in vivo, one of the common ﬁ rst steps is to analyze 
its spaƟ o-temporal gene expression. The gene expression paƩ erns can be informaƟ ve for 
the role of this gene and its protein product in speciﬁ c Ɵ ssues. With the use of whole mount 
in situ hybridizaƟ on (WISH) experiments, we analyzed the spaƟ o-temporal expression of 
PcG genes during embryogenesis and during gametogenesis. With this technique we can 
determine expression in diﬀ erent Ɵ ssues, rather than the expression within the cell, be-
cause RNA is transcribed in the nucleus and shuƩ led to the cytoplasm to be translated to 
protein by ribosomes, results on the transcript localizaƟ on can diﬀ er with the localizaƟ on 
of the protein. With WISH we have been able to disƟ nguish expression of a selecƟ on of PcG 
genes between the cytoplasm and the nucleus of oocytes. WISH experiments on PcG genes, 
putaƟ ve PcG targets, and structural organ markers have been performed in the diﬀ erent 
research chapters of this thesis. 
PcG expression in toƟ potent cells and during embryogenesis
Embryonic stem cells (ESCs) are cells from early embryonic stages that have the ability to 
diﬀ erenƟ ate in all potenƟ al lineages, which is also known as a toƟ potent stage. They express 
high levels of PcG proteins, that mediate repression of genes involved in diﬀ erenƟ aƟ on and 
thereby are required for maintenance of stem cell idenƟ ty [1,2]. CharacterizaƟ on of the ex-
pression of a selecƟ on of PcG genes in zebraﬁ sh gametogenesis revealed enrichment of PcG 
genes in the early gonocytes, such as stage I oocytes and spermatogonia, during early stages 
of both oogenesis and spermatogenesis (chapter 2). During gametogenesis these gonocytes 
will develop into gametes, stage V oocytes or sperm. As PcG gene expression is also enriched 
in toƟ potent ESCs, this could suggest that especially early gonocytes show similariƟ es with 
ESCs [2]. InteresƟ ngly, in mouse ESCs the PCGF6-PRC1 variant is shown to repress germ cell 
related genes, contradicƟ ng the hypothesis that ESCs have germ cell-like features [3]. Since 
PCGF6 represses germ cell related genes it is surprising that in zebraﬁ sh pcgf6 is present 
in the maternal load, and thus in zebraﬁ sh oocytes [4]. Germ cell related genes need to be 
expressed in oocytes; however, since pcgf6 is expressed in zebraﬁ sh germ cells Pcgf6-PRC1 
must have other targets than germ cell related genes. This could be caused by diﬀ erences 
in species between mouse and zebraﬁ sh, meaning that the Pcgf6-PRC1 variant in zebraﬁ sh 
does not repress germ cell related genes, like it does in mESCs. The targets are determined 
by the composiƟ on of the PcG protein complex, for example by the subunit paralogues 
and by binding of substoichiometric subunits, which can be species- and cell-type speciﬁ c 
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(chapter 1 4.1.1). Based on this observaƟ on, once could speculate that the PcG proteins ex-
pressed in mouse ESCs are diﬀ erent from the ones in zebraﬁ sh oocytes, which would explain 
the diﬀ erent associaƟ on of PRC1 with the chromaƟ n. If this would be the case, it highlights 
the diﬃ  culty of deciphering the role the PRC1 variants, as it is may be not just one single role 
that is applicable to all seƫ  ngs [5].
In general, PcG proteins target developmental genes such as transcripƟ on factors, homeot-
ic genes, and morphogens [6–10]. The expression paƩ erns of most PcG genes studied in 
chapter 2 change from a ubiquitous expression into a spaƟ al-restricted expression during 
embryogenesis. For the majority of these genes we found enrichment anteriorly, but the gut 
and pectoral ﬁ ns also show consisted PcG expression. The two zebraﬁ sh models described 
in this thesis for zygoƟ c rnf2 and maternal zygoƟ c ezh2 mutants (chapter 3 and 4, table 1) 
show both craniofacial defects and the lack of pectoral ﬁ ns, linking the expression paƩ erns 
to Ɵ ssue-speciﬁ c defects. In addiƟ on, zygoƟ c ezh2 mutant zebraﬁ sh are reported to display 
an intesƟ nal phenotype, which matches the PcG expression in the gut [11]. Overall, these 
ﬁ ndings show that gene expression paƩ erns can be indicaƟ ve for aﬀ ected Ɵ ssues upon gene 
and funcƟ onal protein loss. 
A model to study loss of H3K27me3 in early development
PRC2 places the H3K27me3 mark and has one catalyƟ c subunit incorporated, which can 
be either Ezh1 or Ezh2 [12,13]. We and others found ezh2 to be maternally loaded and 
expressed at 1 day post ferƟ lizaƟ on (dpf), and found ezh1 to be absent during these early 
stages (chapter 2, 4) [14,15]. To abolish the maternal load of Ezh2, a possible approach is the 
injecƟ on of morpholinos (MOs). These anƟ sense oligomers bind mRNA, thereby prevenƟ ng 
translaƟ on. This gene knockdown method has disadvantages, such as the strong need for 
validaƟ on experiments, since MO injecƟ on oŌ en results in oﬀ  target eﬀ ects [16,17]. An-
other possibility is to use germ line transplantaƟ ons to make adult ﬁ sh that have an ezh2 
mutant germ line [18] (chapter 4, Fig 2A). This has the major advantage of being a geneƟ c 
approach and therefore, we used this to create germ line mutant adults. Since in these 
adult zebraﬁ sh only their germ line is mutant and their somaƟ c cells are wildtype, these ﬁ sh 
survive adulthood, and we idenƟ ﬁ ed them to be ferƟ le. An incross of a germ line mutant 
female (F1) with a germ line mutant male (F1) results in the formaƟ on of maternal pater-
nal zygoƟ c mutant embryos (table 1, MPZezh2-/-). There is no paternal load of mRNA and 
protein to the progeny in the wildtype situaƟ on and therefore 50% of a cross of a germ line 
mutant female (F1) with a heterozygous male, will result in MZezh2-/-, which display the 
exact same phenotype as MPZezh2-/-. Dependent on the purpose MPZezh2-/- and MZezh2-/- 
embryos have been studied and for simplicity they are referred to as MZezh2-/- in chapter 4 
and 5. In these MPZezh2 mutant embryos we did not detect H3K27me3 in the tail Ɵ ssue by 
immunohistochemistry (chapter 4), nor did we detect H3K27me3 at the chromaƟ n (chapter 
5). Thus, MPZezh2 mutant embryos provide a unique model to study the eﬀ ect of loss of 
H3K27me3 on early zebraﬁ sh development. 
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As we found ezh2 to be expressed in the oocytes and to be maternally provided (chapter 
2, 4) it was a striking observaƟ on that ezh2 germ line mutant adults were ferƟ le and that 
the ezh2 mutaƟ on thus did not abolish germ line formaƟ on (F1). Since we found that ezh1 
is present in the adult ovary as well, it could be that the adult germ line sƟ ll has residual 
H3K27me3, even in the absence of Ezh2. The germ cells are toƟ potent cells that can give rise 
to all the diﬀ erent cell types in an organism [21], and these germ cells are able to do so, even 
in the absence of Ezh2. In addiƟ on to the observaƟ on of ezh1 mRNA presence during zebraf-
ish female gametogenesis, EZH1 has also been reported to be present in the male gametes, 
where it represses somaƟ c and meioƟ c stage-speciﬁ c genes during mouse spermatogenesis 
[22]. InteresƟ ngly, this would link Ezh1 to toƟ potent cells, while in general Ezh1 has been 
mainly associated to diﬀ erenƟ ated cells [12,14,15,23,24]. Since Ezh1 protein is thus likely 
present in the ezh2 mutant germline, it would be interesƟ ng to analyze the epigenome and 
transcriptome of ezh2 mutant female gametes for future research. Ezh1 is not expected to 
be completely redundant to Ezh2, since it is reported to be less acƟ ve than Ezh2 [25], and 
we detected that the maternal load of ezh2 germ line mutant females was severely aﬀ ected 
(chapter 4, Fig. 4).
Approaches to gain more insight in the potenƟ al parƟ al redundancy of Ezh1 and Ezh2 in ga-
metogenesis include chromaƟ n immunoprecipitaƟ on followed by deep-sequencing (ChIP-
seq) for H3K27me3, Ezh1, Ezh2, and (single-cell) RNA-seq of oocytes of ezh2 germ line mu-
tants and wildtype adults. However, there are currently many obstacles that need to be 
overcome to be able to perform such experiments. First, a ChIP-graded Ezh1 anƟ body for 
Table 1. Zebraﬁ sh ezh2 and rnf2 mutants
AbbreviaƟ on Gene Maternal Paternal ZygoƟ c Lethality Phenotype
ezh2+/+ ezh2 present present present viable wildtype
Zezh2-/- ezh2 present present - 10-12 dpf intesƟ nal defects [11]
Mezh2-/+ ezh2 - present present viable
MPZezh2-/- ezh2 - - - 2 dpf pleiotropic (chapter 4, 5)
MZezh2-/- ezh2 - present - 2 dpf pleiotropic (chapter 4, 5)
rnf2+/+ rnf2 present present present viable wildtype
Zrnf2-/- rnf2 present present - 4-5 dpf pleiotropic ([19,20], chapter 3) 
Mrnf2-/+ rnf2 - present present not studied
MPZrnf2-/- rnf2 - - - 2 dpf similar to MZezh2-/-
MZrnf2 rnf2 - present - 2 dpf similar to MZezh2-/-
Chapter 6
149
General discussion
zebraﬁ sh must be generated as this is not yet available. Second, standard ChIP-seq experi-
ments require large amounts of starƟ ng material (around 107 cells), which is incompaƟ ble 
with the yield from oocytes [26]. Both because germ line mutants are extremely diﬃ  cult to 
make, resulƟ ng in low quanƟ Ɵ es of sample material, but also due to the type of material 
that needs to be isolated. Third, zebraﬁ sh oocyte isolaƟ on is not a widely used method; the 
adult ovary contains many somaƟ c cells, such as the follicle cells that need to be removed, 
since they will disturb germ line speciﬁ c ChIP-seq analyses. In contrast to ChIP-seq it is pos-
sible to perform RNA-sequencing on the female germ line to gain insights in the transcrip-
tome of the oocytes. When using bulk RNA-seq, somaƟ c contaminaƟ on is sƟ ll an issue, but 
to a much lower extent compared to ChIP-seq, because the high amounts of RNA in oocytes 
will dominate the RNA from somaƟ c cells. AddiƟ onally, nowadays single cell RNA-seq is a 
more commonly used technique which allows analysis of single cells within the germ line. 
As an alternaƟ ve to oocytes, the transcriptome of maternal (zygoƟ c) ezh2 M(Z)ezh2 mutant 
zygotes can be used as a proxy. At 0 hpf, zebraﬁ sh embryos have not started to transcribe 
their zygoƟ c genome yet, meaning that any observed diﬀ erences are due to diﬀ erences in 
the maternal load. We found over a thousand genes to be signiﬁ cantly diﬀ erenƟ ally present 
in the maternal load from an ezh2 mutant germ line female, which has been detected at 
0 hpf in MZezh2 mutant embryos (chapter 4). Thus, ChIP-sequencing of zebraﬁ sh oocytes 
is not yet feasible, but gaining insight in the eﬀ ects of the germ line ezh2 mutaƟ on on the 
transcriptome can be achieved by studying the progeny.
Although we detected ezh1 in the germ line, we found major diﬀ erences in the maternal 
load upon the ezh2 germ line mutaƟ on, indicaƟ ng that Ezh1 cannot completely take over
Ezh2’s funcƟ on in the germ line. Analyses of the ezh1 RNA levels at 0 hpf in MPZezh2 mu-
tants and wildtype embryos indicates that ezh1 mRNA is present in the maternal load of 
wildtypes, in approximately a 1:10 raƟ o to ezh2 mRNA. Upon the ezh2 mutaƟ on, the mRNA 
levels of ezh1 are not signiﬁ cantly deregulated (addiƟ onal ﬁ les chapter 5). In addiƟ on to the 
reported diﬀ erences in enzymaƟ c acƟ vity of Ezh1 and Ezh2 [25], we also suggest that Ezh1
and Ezh2 do not funcƟ on completely redundantly, based on an experiment in which seri-
al transplantaƟ ons have been conducted. Germ cells from MZezh2 mutant embryos were 
transplanted in a wildtype embryo. These transplanted ﬁ sh can grow unƟ l adulthood, but 
fail to form a proper germ line and are not ferƟ le (table 2, germ line F2). 
This observaƟ on indicates that the germ line of an F2 germ line ezh2 mutant is not com-
pletely funcƟ onal, whilst the one of an F1 germ line mutant is. The F1 ﬁ sh primordial germ 
cells are zygoƟ c ezh2 mutant and derived from an ezh2 heterozygous incross, whilst the 
primordial germ cells of the F2 ﬁsh are MZezh2 mutant (table 2). Likely, the mRNA maternal 
load in these types of donor cells is diﬀ erent, dependent on the mother’s genotype, which 
seems to result in diﬀ erent properƟ es of the donor cells. 
Thus, we know that the genome of both Zezh2-/- and MZezh2-/- germ cells, contains the ezh2
mutaƟ on. However, we neither have full insights in maternal load eﬀ ects on the donor cells 
that give rise to these germ cells, nor what is causing the diﬀ erences in the potenƟ al of the 
germ cells to give outgrow into a funcƟ onal germ line. We hypothesize that the F1 germ
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cells probably received factors in the maternal load that are required for proper germ line 
development and maintenance, whilst the F2 germ cells lack them. This hypothesis suggests 
that maternal ezh2 mRNA and Ezh2 protein shape the epigeneƟ c landscape in the embry-
os and thereby dictate gene expression during early development. Although this maternal 
contribuƟ on of Ezh2 is degraded in Zezh2 germ cells, it must have provided these germ cells 
important cues to form a proper germ line, as present in the F1 ezh2 mutant germ line. This 
would suggest that the germ line epigenome is already speciﬁ ed in early stages of embryo-
genesis. 
If the epigenome is speciﬁ ed during early stages of development, it would be an interesƟ ng 
quesƟ on whether this speciﬁ caƟ on is maintained throughout gametogenesis. If maternal 
Ezh2 would have been suﬃ  cient to dictate H3K27me3 deposiƟ on in the germ cells of F1 
ezh2 mutant germ line, this mark could be maintained by Ezh1 during later stages. However, 
there is reasoning against this hypothesis. First, Ezh1 is only clearly detected from 5 dpf on-
wards in wildtype (chapter 4, Fig. 3C; [15]), much later than the maternal load is thought to 
be degraded [27]. Second, in Drosophila the turnover of the nucleosomes that are targeted 
by Ezh1/-2 was found to be faster than 1 cell cycle [28], which could be similar in zebraﬁ sh. 
Since during early development cell proliferaƟ on is an ongoing event, it is likely that many 
cell cycles have taken place before Ezh1 is detected, which makes it unlikely that H3K27me3 
has been maintained unƟ l 5 dpf in the absence of Ezh2. Combined, this makes it unlikely 
Referred 
to as:
Genotype 
donor cells, 
that give 
rise to the 
germ line
Cross performed 
to obtain donor 
cells
Phenotype 
adults
Progeny, when crossed with:
Wildtype male
Heterozygous 
male
Germ line ezh2 
mutant (F1)
(F1) germ 
line ezh2 
mutants (F1) 
Zezh2-/-
ezh2 +/- incross 
(25%)
ferƟ le 100% Mezh2-/-
50% MZezh2-/- 
and 
50% MZezh2+/- 
(chapter 4)
100% 
MPZezh2-/- 
(chapter 4, 5)
(F1) 
germ line 
wildtypes 
Zezh2+/+
ezh2 +/- incross 
(25%)
ferƟ le n.a. n.a.
MPZezh2+/+ 
controls for 
MZPezh2-/- 
(chapter 4, 5)
F2 germ line 
M-Z+ ezh2
MZezh2-/+ 
(≡ Mezh2 
mutant)
F1 germ line 
ezh2 mutant 
female 
crossed with a 
heterozygous 
male (50%)
Testes lack 
terminally 
diﬀ eren-
Ɵ ated 
sperm
n.a.
F2 germ line 
M-Z- ezh2
MZezh2-/-
F1 germ line 
ezh2 mutant 
female 
crossed with a 
heterozygous 
male (50%)
No germ 
cells 
detected
n.a.
Table 2. Germ line ezh2 mutant adults, with wildtype somaƟ c Ɵ ssue
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that the germ line of an F1 ezh2 mutant germ line mutant contains H3K27me3, but it cannot
completely be stated with certainty.
Even though it is unlikely that Ezh1 can maintain (all) H3K27me3 deposited by maternal
Ezh2, changes must have occurred in the germ cell epigenome of the F1 ezh2 germ line 
mutants. To this extent it would be very interesƟ ng to compare the eﬀ ect of diﬀ erent ma-
ternal loads on the development of germ cells. One could analyze the transcriptome and 
the epigenome of germ cells of Zezh2 and MZezh2 mutant embryos, the donors used for 
the F1 and F2 transplantaƟ ons respecƟ vely. This could be performed unƟ l 11 dpf for Zezh2
mutant embryos and 2 dpf for MZezh2 mutant embryos; since these mutaƟ ons are lethal for 
development no oocytes will be formed. However, taking into account the above menƟ oned 
hurdles in isolaƟ ng germ cells and the number of cells needed for ChIP-sequencing, an alter-
naƟ ve approach should be used. Since Ezh1 is the only factor that is implied to complement 
Ezh2, MZezh1/ezh2 double mutants could be generated to study germ line development in 
the absence of both Ezh1/-2. If these double mutant germ cells show the same phenotype 
as Zezh2 mutant germ cells alone, it can be concluded that Ezh1 does not play a role in 
germ line formaƟ on. If double mutant germ cells are not able to give rise to the germ line, 
thus showing a more severe phenotype as Zezh2 mutant germ cells, it shows that Ezh1 can
parƟ ally rescue the phenotype of Zezh2 mutant germ cells. The double mutant ezh1/-2 em-
bryos can be used for follow-up analyses for germ cells development into the germ line, for 
example using microscopy to analyze at which step germ line formaƟ on is abrogated. 
The role of maternally provided Ezh2 in embryogenesis
As discussed above, the observaƟ ons that the F1 germ line ezh2 mutants are ferƟ le and the 
F2 generaƟ on is not, suggest an important role for maternally loaded Ezh2 for germ line
development. Here I will discuss the potenƟ al role of maternally loaded Ezh2 in embryo-
genesis.
When comparing gene expression levels of MPZezh2 mutant embryos to wildtype embryos 
at 0 hpf, major diﬀ erences were detected ( chapter 4, Fig. 4). The RNAs present at 0 hpf
are representaƟ ve of the maternal load and this indicates that the absence of Ezh2 in the
germ line severely aﬀ ects the maternal mRNA load. Upon the germ line ezh2 mutaƟ on this 
maternal load composes of typical maternal genes and also of genes that in wildtypes only 
start to be expressed by the zygote itself. The hypothesis is that these zygoƟ c genes are not 
properly silenced during germ line development in the absence of Ezh2, which results in
a change of composiƟ on of the maternal load. At 1 dpf, these transcripƟ onal diﬀ erences 
have decreased from over 1200 deregulated genes at 0 hpf to only 60 upregulated and 28
downregulated genes in MPZezh2 mutants (chapter 5). Nevertheless, the development of 
MZezh2 mutants is severely aﬀ ected, showing minor phenotypical abnormaliƟ es at 1 dpf,
but at 2 dpf displaying a severe pleiotropic phenotype, accompanied with death (chapter 
4 and 5). This is in contrast to zygoƟ c ezh2 mutants, which survive unƟ l around 10-12 dpf
[11]. These observaƟ ons indicate that maternally provided Ezh2 certainly exerts a funcƟ on 
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in embryogenesis; however, due to the robustness of early development, the embryos can 
go through the early stages even in the absence of Ezh2. 
Since at 0 hpf zebraﬁ sh do not transcribe their genome yet all their mRNAs are from the 
maternal load. Therefore, this suggests that Mezh2 mutants (table 1) also display over 600 
genes upregulated and over 600 genes downregulated, just like MPZezh2 mutants (chapter 
4). InteresƟ ngly, despite their aﬀ ected maternal load, these Mezh2 mutants survive unƟ l 
adulthood and do not display any visible phenotypes. This indicates that the diﬀ erences 
in gene expression before zygoƟ c genome acƟ vaƟ on (ZGA at 3.3 hpf) do not interfere with 
further development of these Mezh2 mutants. The survival of Mezh2 mutants shows that 
iniƟ aƟ on of ezh2 expression at ZGA is suﬃ  cient for proper development. In addiƟ on, we 
observed major diﬀ erences when comparing the phenotype of MPZezh2 and Zezh2 em-
bryos and combined this has led to the hypothesis that maternally provided Ezh2 is only of 
importance if not rescued by zygoƟ c Ezh2, but by itself does not play an important role in
development.
Experiments were performed to determine unƟ l what Ɵ me iniƟ aƟ on of ezh2 expression was 
suﬃ  cient for proper development. To this extent a heat-shock inducible ezh2 transgenic line 
was generated and preliminary data suggests that at least unƟ l 17 hpf expression of ezh2
could rescue the MZezh2 mutant phenotype. Heat shock-induced ezh2 expression at 1 dpf 
was not able to prevent the development of the MZezh2 mutant phenotype. Loss of PcG 
proteins is associated to iniƟ aƟ on of defects in cell fate determinaƟ on and imbalance of 
lineage diﬀ erenƟ aƟ on [29,30]. Therefore, it could be that between 17 hpf and before 1 dpf 
lineage diﬀ erenƟ aƟ on pathways have been iniƟ ated, resulƟ ng in unorganized diﬀ erenƟ a-
Ɵ on, and Ezh2 cannot reverse this eﬀ ect anymore from 1 dpf onwards.
Challenging the non-canonical view of PcG protein recruitment in 
zebraﬁ sh
PRC1 has one catalyƟ c subunit incorporated in the complex, which in mammals can be either 
Ring1 or Rnf2 [31]. Rnf2 is known to be able to ubiquiƟ nylate H2A lysine 119 (H2AK119ub).
Zebraﬁ sh are described to have only one Ring1 homologue, which shows most resemblance 
with Rnf2 [32]. In chapter 3, we validated that Zrnf2 mutant zebraﬁ sh display a pleiotropic 
phenotype and die around 4-5 days post ferƟ lizaƟ on (dpf) [19,20]. By ChIP-seq we have ob-
served a loss of Rnf2 on the chromaƟ n in Zrnf2 mutant embryos at 3 dpf (chapter 3) and the 
absence of H2AK119ub has been reported in these Zrnf2 mutants at 3 dpf [19].
The repressive epigeneƟ c mark H2AK119ub, placed via PRC1, is implicated in recruitment of 
PRC2 [33–35]. PRC2 co-factors can recognize this mark and the ubiquiƟ  naƟ on of H2AK119 
is implicated to facilitate PRC2 binding by changing the chromaƟ n structure [33,35]. This
was shown by experiments using mouse ESCs [34,35], and in vitro using Drosophila and 
Xenopus nucleosomes and using nuclear extracts from Drosophila embryos [33]. To test if
PRC1-mediated PRC2 recruitment is evoluƟ onarily conserved, we analyzed the deposiƟ on 
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of H3K27me3 in Zrnf2 mutant embryos with ChIP-sequencing for H3K27me3 and Rnf2. We
performed the H3K27me3-ChIP experiment in quadruplicate on 3 dpf zebraﬁ  sh embryos of 
which in two replicates Drosophila spike-ins were used, to allow for normalizaƟ on and quan-
Ɵ ﬁ caƟ on (chapter 3 and unpublished data). The results from both methods, with and with-
out spike-in, show a slight increase in the H3K27me3-deposiƟ on in Zrnf2 mutants (chapter 
3, Fig. 2B). Based on our approach we are conﬁ dent about our data, but we cannot explain 
what the origin and biological implicaƟ ons, if any, are of this slight increase in H3K27me3
levels. The H3K27me3 increase could be caused by ectopic H3K27me3 deposiƟ on in cells 
that are not supposed to have H3K27me3 at these genes. Another possibility is that cells 
that have H3K27me3 in the wildtype situaƟ on are overrepresented in Zrnf2 mutants, due 
to an overall misbalance of lineage formaƟ on in these mutants. Because we analyze the 
average of all cells present at 3 dpf both these situaƟ ons would be detected as an increase 
in H3K27me3 levels. To overcome this limitaƟ on, it would be beneﬁ cial to analyze a less 
heterogeneous sample. For future research, the development of ChIP-sequencing methods 
suitable for low-input material or even single cells would be a major advantage.
As our data show that H3K27me3 is not lost upon the zygoƟ c rnf2 mutaƟ on, I next will dis-
cuss potenƟ al underlying biological reasons. One of the explanaƟ ons is that, even though in 
general PcG biology is evoluƟ onarily conserved, H2AK119ub-mediated recruitment of PRC2 
does not play a role in early zebraﬁ sh development. Another cause could be that maternally 
loaded Rnf2 has provided essenƟ al cues for correct iniƟ al H3K27me3 deposiƟ on n these zy-
goƟ c Zrnf2 mutant embryos, resulƟ ng in correct H3K27me3 at 3 dpf. Absence of H2AK119ub
at 3 dpf has been reported in Zrnf2 embryos, but it is not tested whether at early stages 
there has been H2AK119ub deposited [19]. To this extent follow-up studies should include 
the analyses of the chromaƟ n associaƟ on of Rnf2 and H3K119ub deposiƟ on in early Zrnf2 
embryos. Subsequently, H3K27me3 deposiƟ on in Zrnf2 mutants can be analyzed before 
ZGA. Yet, a third approach to exclude the existence of H2AK119ub-mediated PRC2 recruit-
ment in early zebraﬁ sh development is to study MPZrnf2 mutant embryos (table 1) for the 
chromaƟ n associaƟ on of PRC2-subunits and H3K27me3 deposiƟ on. If there are switches in 
recruitment mechanisms acƟ ve during development, this could be evoluƟ onarily conserved 
amongst species. 
According to the canonical model which was discussed in chapter 1, PRC1 recruitment is also
described to be H3K27me3-mediated. This model describes the H3K27me3 mark, which is
placed by PRC2, to serve as a docking staƟ on for PRC1 [36]. In this scenario, CBX recognizes
H3K27me3 via its chromodomain and the H2AK119ub mark is subsequently deposited via 
PRC1 [37]. In line with this, MPZezh2 mutant embryos were shown to completely lack Rnf2
binding to the chromaƟ n (chapter 5). 
Thus, we observe loss of Rnf2 binding in MPZezh2 embryos, which is highly indicaƟ ve of 
the need for the canonical model in early zebraﬁ sh development. It would be interesƟ ng 
to compare these results at diﬀ erent stages of development and compare diﬀ erent model 
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systems, since in general, PcG biology is thought to be highly evoluƟ onarily conserved, but 
our results do not suggest the existence of H2AK119ub-mediated PRC2 recruitment. 
Comparisons in the onset of the PcG-mutaƟ on induced phenotypes and 
the idenƟ ﬁ caƟ on of the underlying molecular mechanism(s) in zebraﬁ sh 
embryos
In this paragraph I will provide hypotheses about the observed phenotypes in PcG mutants 
and I make suggesƟ ons for follow-up experiments on obtaining addiƟ onal insight in the ef-
fects caused by the mutaƟ ons in ezh2 and rnf2 at the molecular level.
Zrnf2 mutant embryos survive longer than Zezh2 mutants and the phenotypes are very dis-
Ɵ nct (table 1). This observaƟ on is in contrast to the canonical PRC recruitment model, which 
describes PRC2 to ﬁ rst bind which is then followed by the recruitment of PRC1 [36–38]. In 
addiƟ on, the diﬀ erence in onset and character of phenotypes combined hint towards the 
canonical model not being the main mechanism and it strongly suggests that Rnf2 and Ezh2
can have independent funcƟ ons in zebraﬁ sh. On the mode of acƟ on, Rnf2 is known to be
able to inhibit RNA polymerase II and induce compacƟ on of the nucleosomes and Ezh2 can
antagonize p300 by placing H3K27me3, which are funcƟ ons independent on the presence 
of the other PRC [39–41]. These would be possible underlying mechanisms for the potenƟ al 
independent funcƟ ons of PRC1 and PRC2 responsible for the disƟ nct mutant phenotypes. 
In contrast to their zygoƟ c mutant counterparts, which showed very disƟ nct phenotypes, 
MZrnf2 and MZezh2 mutant embryos display a similar phenotype. Unfortunately, we have 
not been in the posiƟ on to further elucidate the molecular mechanism underlying the phe-
notype of MZrnf2 mutants. To speculate, both MZrnf2 and MZezh2 mutant embryos lack 
Rnf2 associaƟ on with the chromaƟ  n, and it could be that this loss is causaƟ ve for the pleio-
tropic phenotype observed in both mutants (table 1). Rnf2 funcƟ ons at the chromaƟ  n by 
repressing RNA polymerase II, compacƟ ng nucleosomes, and by repressing transcripƟ on-
al elongaƟ on [39,40]. If Rnf2 is absent at the chromaƟ n, these transcripƟ onal repressive 
modes of acƟ on cannot be carried out, resulƟ ng in deregulaƟ on of the underlying genes. 
Such a model, in which PRC1 is the main driver of gene repression, is supported by the 
observaƟ on of retained H3K27me3 marking at genes that show upregulaƟ on in zygoƟ c rnf2
mutant embryos (chapter 3). Two reasons could be causaƟ ve for this observaƟ on: either 
H3K27me3 itself is not suﬃ  cient to repress gene expression, or the cells with upregulaƟ on 
of gene expression are not the same cells that show presence of H3K27me3due to bulk
sample analysis. 
Our ﬁ ndings suggest that PRC1 could be the main driver of gene expression in zebraﬁ sh 
development (results and potenƟ al validaƟ on experiments discussed above). If validaƟ on, 
by using MPZrnf2 mutant embryos, would have shown that maternal Rnf2 is essenƟ al for 
correct H3K27me3 deposiƟ on, follow-up analyses need to be aimed at deciphering the mo-
lecular mechanism by which PRC1 exploits this funcƟ on. The data described in chapter 3
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show that the genes posiƟ ve for Rnf2 binding at their promoter in wildtype embryos were 
signiﬁ cantly enriched for upregulaƟ on upon the rnf2ibl31/ibl31 mutaƟ on (chapter 3). This in-
dicates that Rnf2 at these loci has a strong repressive funcƟ on. InteresƟ ngly, PRC1 places
the H2AK119ub mark, but in mice, the catalyƟ c acƟ vity of Rnf2 was not essenƟ al for sur-
vival [42]. In addiƟ on, PRC1 is described to be able to induce local chromaƟ n condensaƟ on 
even in the absence of H2A ubiquiƟ naƟ on in vitro [43,44]. To test if the phenotype of Zrnf2
phenotype is driven by the loss of the H2AK119Ub mark or due to the loss of Rnf2 itself, an
enzymaƟ c-dead rnf2 mutant can be generated, which harbors an in frame mutaƟ on in the 
RING domain, for instance by using the CRISPR-Cas9 approach [45]. Maternal zygoƟ c enzy-
maƟ c-dead mutants need to be generated, since otherwise the maternal load would sƟ ll 
contain wildtype Rnf2/rnf2, which could potenƟ ally be suﬃ  cient for providing iniƟ al cues 
for correct H3K27me3 deposiƟ on. If there is no H2AK119ub-mediated PRC2 recruitment in
zebraﬁ sh, we do not expect diﬀ erences in H3K27me3 deposiƟ on upon the enzymaƟ c-dead 
mutaƟ on of rnf2 compared to wildtype embryos. If there are diﬀ erences, it suggests that 
early H2AK119ub-deposiƟ on has an important role in providing cues for the correct placing 
of the H3K27me3 mark in wildtypes and Zrnf2 mutants.
Using an enzymaƟ c-dead rnf2 mutant one can test whether the repressive funcƟ on of Rnf2
is dependent on Rnf2 itself, since PRC1 can inhibit RNA polymerase II by phosphorylaƟ ng 
it [39] and can compact the nucleosomes [40], or that it is dependent on the H2AK119ub
ubiquiƟ naƟ on acƟ vity of Rnf2 [46,47]. Since Rnf2 has mulƟ ple modes of acƟ on, it could be 
that maternal zygoƟ c enzymaƟ c-dead rnf2 mutants show a less severe phenotype com-
pared to maternal zygoƟ c rnf2 mutants, since in the ﬁ rst situaƟ on only the catalyƟ c acƟ vity 
is abrogated, while it the laƩ er all repressive modes of acƟ on are defect. 
The regulaƟ on of developmental transcripƟ on factors by PcG proteins
We and others found mulƟ ple transcripƟ on factors (TFs) to be deregulated upon PcG muta-
Ɵ on in zebraﬁ sh embryos (chapter 3-5, [19]). These included, but are not limited to, mem-
bers of the hox gene family and tbx  family. For example, we found the transcripƟ on factor 
T-box protein 5 (tbx5) to show aberrant gene expression upon PcG mutaƟ ons in zebraﬁ sh.
PerturbaƟ ons of this gene are linked to congenital heart defects and limb malformaƟ ons
[48,49].
A study using Zrnf2 zebraﬁ sh embryos reported that the expression domain of tbx5 is dif-
fuse and that tbx5 is ectopically expressed from the 18 somite-stage onwards, as assessed 
by WISH [19]. The expression of tbx5 in the lateral plate mesoderm was not maintained, 
potenƟ ally due to general maintenance defects of this Ɵ ssue. AddiƟ onally, we found tbx5a 
to be non-signiﬁ cantly upregulated in Zrnf2 mutant hearts compared to wildtype hearts at 
3 dpf (chapter 3).
The tbx5 WISH experiments in Zrnf2 mutant embryos [19] show a diﬀ used tbx5 expression 
domain. Such a diﬀ used domain of tbx5a expression is also observed in MZezh2 mutants 
(chapter 5), albeit assessed at a diﬀ erent developmental stage. At 24 hpf tbx5a expression 
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is spaƟ ally diﬀ use and outside its normal boundaries in MZezh2 mutants when compared to 
wildtype spaƟ al expression.
AddiƟ onally, in wildtype embryos we idenƟ ﬁ ed with ChIP-sequencing for Ezh2, H3K27me3, 
and Rnf2 that the tbx5a gene is posiƟ ve for PcG protein associaƟ on and their associated 
epigeneƟ c mark (chapter 3 and 5). Together, these ﬁ ndings indicate that tbx5a is a bona ﬁ da 
PcG-target that is de-repressed upon loss of PcG proteins.
InteresƟ ngly, this de-repression of the tbx5a gene does not occur throughout the whole 
body in both Zrnf2 and MZezh2 mutants ([19] and chapter 5). Similar to other transcripƟ on 
factors of the Tbx-family, tbx5a gets ectopically expressed upon loss of PcG proteins, in the 
regions close to the wildtype expression boundaries (chapter 5). We also have observed 
such spaƟ al de-repression for the tbx2a gene and for hox genes by WISH and RT-qPCR ex-
periments, respecƟ vely. The tbx and hox genes are examples of master transcripƟ on factors 
and their spaƟ al de-repression raises the suggesƟ on that de-repression of TFs could be a 
wide-spread phenomenon upon PcG mutaƟ ons. Another gene that we, based on literature, 
expected to be upregulated is isl1, which is a master regulator for cardiac progenitor diﬀ er-
enƟ aƟ on. Upon PRC2 KO in the mouse heart this gene was shown to be upregulated [50,51]. 
In the Zrnf2 mutant heart we also observe the tendency of isl1 to be upregulated (chapter 
3, Fig. 6A), yet on the whole embryo level isl1 expression in MZezh2 mutant embryos seems 
to be not aﬀ ected (chapter 5). SpaƟ al tests, such as WISH experiments and expression level 
analyses on dissected material, can give more insight in the expression of the isl2 TF upon 
the loss of PcG-mediated repression. For the acƟ vaƟ on of isl1 itself, also TFs are required, 
their presence could be a pre-requisite for the upregulaƟ on of isl1 upon the loss of PcGs. 
We hypothesize that repression by PcG proteins is required to maintain regulaƟ on of gene 
expression, and upon loss of PcG proteins, de-repression of master TFs results in local chang-
es in the transcriptome and proteome, which eventually result in loss of Ɵ ssue integrity and 
death (chapter 4 and 5).
Defects in cardiac cell idenƟ ty maintenance upon loss of PcG proteins
In MZezh2 mutants we have observed a loss of cardiac Ɵ ssue integrity and Ɵ ssue mainte-
nance (chapter 4). The MZezh2 mutant embryos failed to correctly repress genes associated 
to early development in a PcG-mediated manner, resulƟ ng in organ defects. It seems that 
early cardiac markers, such as nkx2.5, are not correctly silenced, which results in aberrant 
terminal diﬀ erenƟ aƟ on, as reﬂ ected by the parƟ al loss of expression of the terminal diﬀ er-
enƟ aƟ on marker nppa in the MZezh2 mutant heart. This is in line with literature that has 
linked PcG proteins to cell idenƟ ty maintenance, rather than speciﬁ caƟ on [52–54].
ZygoƟ c rnf2 mutant zebraﬁ sh also have been reported to harbor defects in terminal dif-
ferenƟ aƟ on, which are causaƟ ve for the craniofacial defects and the lack of pectoral ﬁ ns 
[19,20]. Such diﬀ erenƟ aƟ on defects upon loss of Rnf2 were also observed in mESC and cell 
cycle regulaƟ on was aﬀ ected during mouse embryonic development [9,10]. In chapter 3 we 
studied heart development of Zrnf2 mutant zebraﬁ sh in more detail, as this is one of the af-
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fected organs upon the rnf2 mutaƟ on. In addiƟ on, we show a correlaƟ on of Rnf2 targets, as
assessed by genome-wide proﬁ ling of Rnf2 in whole embryo lysates, to cardiac TFs, suggest-
ing that these TFs could be directly upregulated in Zrnf2 mutant hearts. However, we do not 
observe signiﬁ cant diﬀ erenƟ al gene expression at the whole embryo level. To test whether 
this eﬀ ect was organ speciﬁ c, single embryonic hearts were isolated and their transcriptome 
was assessed. We found upregulaƟ on of TFs of which many are expressed in the conducƟ ve 
system. In addiƟ on, downregulaƟ on of cardiac marker genes was detected.
As we detect these TFs to be PcG-regulated and upregulated in Zrnf2 mutant hearts, we 
suggest these TFs to be direct targets. In the wildtype heart these upregulated TFs are ex-
pressed in cells of the conducƟ ve system. Two explanaƟ ons for the upregulaƟ on of these TFs 
would be possible. First, there is a misbalance in cell type raƟ o upon the loss of PRC1-me-
diated transcripƟ onal repression. This misbalance could result in an overrepresentaƟ on of 
conducƟ ve cells and this will be represented as upregulaƟ on of their associated transcrip-
Ɵ on factors. Second, the spaƟ al expression boundaries of these TFs became diﬀ use, due to 
loss of maintenance of these expression paƩ erns in absence of funcƟ onal PRC1. To test for
these hypotheses, ﬁ rst whole mount in situ hybridizaƟ on experiments for the upregulated 
TFs could be performed. Preliminary data however does not provide promising results for 
this approach, since the WISH staining for these TFs has resulted in a lot of background in 
the heart and head regions, which makes detecƟ on not possible, so far. Another opƟ on is to 
use tomo-sequencing of secƟ ons of the embryonic heart to analyze the expression bound-
aries of the TFs [55,56].
We observed downregulaƟ on of myocardial structural genes in Zrnf2 mutant hearts, which 
we hypothesize to be caused by overrepresentaƟ on of non-myocardial cells in the heart or 
caused by aberrant TF expression that represses these myocardial structural genes. Their 
downregulaƟ on is reﬂ ected in the loss of Ɵ ssue funcƟ onality and potenƟ al loss of Ɵ ssue in-
tegrity in these mutants (chapter 3), similar to the cardiac phenotypes observed in MZezh2
mutants (chapter 4).
General Ɵ ssue maintenance defects upon loss of PcG proteins
In addiƟ on to heart defects in Zrnf2 and MZezh2 mutants, we suggest that Ɵ ssue mainte-
nance deﬁ ciencies are not restricted to the heart. First, we observed defects in organ mark-
er expression for the liver, pancreas, and intesƟ ne in Zrnf2 and MZezh2 mutant embryos 
(chapter 3 and 4). In both MZezh2 and Zrnf2 mutant embryos, the terminal diﬀ erenƟ aƟ on 
marker fabp10, was not detected at 2 and 3 dpf, respecƟ vely. Expression of the terminal 
diﬀ erenƟ aƟ on marker for the pancreas, trypsin, was absent in MZezh2 embryos, and Zrnf2
embryos seem to have a morphology defect of the pancreas, since we cannot visually detect 
the pancreaƟ c lobe. In addiƟ on to the diﬀ erenƟ al intesƟ nal marker expression, Zezh2 mu-
tant embryos have been reported to display an intesƟ nal phenotype [11]. Second, besides
observing endodermal and mesodermal organs to be aﬀ ected upon loss of PcG proteins, 
craniofacial defects and lack of pectoral ﬁ ns are also observed in both Zrnf2 and MZezh2
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mutant embryos ([19,20], chapter 4). CarƟ lage elements have an ectodermal origin and the 
diﬀ erenƟ aƟ on of pectoral ﬁ ns is also dependent on correct signaling in ectodermal Ɵ ssue 
[19,20]. These observaƟ ons show that of all three germ line lineages are aﬀ ected. This ﬁ ts 
with what is expected based on the expression paƩ erns of PcG genes, as we describe them 
to be ubiquitously expressed and later their spaƟ al expression is anteriorly enriched (chap-
ter 2). In addiƟ on, PcG proteins have been detected in many diﬀ erent Ɵ ssue types in other 
model systems. Examples of Ɵ ssues that show expression include, but are not restricted to, 
ectodermal Ɵ ssue [52], for example during neuronal development of mESCs into neural pro-
genitor cells [57] and mesodermal Ɵ ssue, for example during heart development [50,58]. As 
a last example PRC2 was idenƟ ﬁ ed during intesƟ nal development to be essenƟ al for proper 
cell fate determinaƟ on and correct iniƟ aƟ on and maintenance of the balance of lineage dif-
ferenƟ aƟ on [29,30]. This laƩ er organ is of endodermal origin and these examples show that 
PcG proteins are important for Ɵ ssues of ectodermal, mesodermal, and endodermal origin. 
Combined, these ﬁ ndings suggest defects in cell idenƟ ty maintenance, aﬀ ecƟ ng organs from 
all germ line lineages. We detected downregulaƟ on of structural marks of a selecƟ on of 
organs of diﬀ erent origin. However, as Rnf2 and Ezh2 themselves are transcripƟ onal repres-
sors, and we do not ﬁ nd these marker genes to be decorated by PcG-proteins at the chro-
maƟ n level, it is likely that the downregulaƟ on of the structural genes is a secondary eﬀ ect, 
caused by the overall disrupƟ on of development in the absence of Rnf2 and the disturbance
of the TF network downstream of the PcG proteins.
To obtain more insight in the processes regulated by PcG proteins, such as terminal diﬀ er-
enƟ aƟ on, organ development upon in PcG mutants can be studied, for example in (M)Zezh2
or Zrnf2 mutant embryos. AddiƟ onally, Ɵ ssue speciﬁ c knock-outs could also be generated 
in the mouse model. PotenƟ al approaches to study the Ɵ ssue-speciﬁ c roles of PcG proteins 
include the analysis of the transcriptome of dissected organs of PcG mutant embryos com-
pared to wildtype controls in a developmental Ɵ me course. Organs that could be dissected 
include the heart and the intesƟ ne, dependent on the survival of the mutants. Data from lit-
erature and our own results suggest that the loss of PcG proteins results in de-repression of 
lineage-speciﬁ c targets and loss of proper repression of pluripotency genes [29,50,51,59]. In 
MZezh2 mutant zebraﬁ sh embryos this is reﬂ ected as early markers that are not correctly re-
pressed and the diﬀ erenƟ aƟ on pathway not being correctly acƟ vated into one lineage. The 
hypothesis is that this is a general phenomenon upon loss of PcG-mediated repression. Since 
MZezh2 mutant and MZrnf2 mutant embryos show overlap in their phenotype and literature 
describes PRC2 and PRC1 to cooperate to establish transcripƟ onal repression [39,40,43], 
overlap in pathways aﬀ ected upon loss of the enzymaƟ c subunits Rnf2 and Ezh2 is expected.
Overall, in Zrnf2 and MZezh2 mutant embryos, we expect to observe changes in the tran-
scriptome of the diﬀ erent organs. We hypothesize that genes associated to diﬀ erenƟ aƟ on 
are upregulated, and causaƟ ve for diﬀ erenƟ aƟ on due to the acƟ vaƟ on of mulƟ ple diﬀ eren-
Ɵ aƟ on pathways. This could result in diﬀ erenƟ aƟ on of mulƟ ple lineages, as Ɵ ght control by 
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PcG proteins is lost. During Ɵ ssue maintenance, this will ulƟ mately result in severe develop-
mental defects.
Concluding remarks and future perspecƟ ves
This thesis describes the expression of Polycomb group genes in zebraﬁ sh embryogenesis 
and germ line development and it presents the further characterizaƟ on of zygoƟ c rnf2 mu-
tants and the generaƟ on and characterizaƟ on of maternal zygoƟ c ezh2 mutant zebraﬁ sh 
embryos. The mutant embryos described serve as a model to study the role of PRC1 and
PRC2 in vivo, since mutant zebraﬁ sh survive gastrulaƟ on and undergo Ɵ ssue speciﬁ caƟ on. 
Our studies imply that zebraﬁ sh embryogenesis is a robust process with many safeguarding 
mechanisms, including PcG-mediated gene repression. We found that Rnf2 and Ezh2 are
important players in cell idenƟ ty maintenance, by dictaƟ ng the epigenome and thereby the 
transcriptome and proteome. Future studies are needed to beƩ er understand by which mo-
lecular mechanism these two PcG proteins regulate gene expression in diﬀ erent cell lineag-
es and during terminal Ɵ ssue diﬀ erenƟ aƟ on and to link these mechanisms to the observed 
phenotypes.
In the past, zebraﬁ sh have been mainly used in (classical) developmental biology, and these 
approaches have been mostly focused on phenotypes, geneƟ c pathways, and expression 
paƩ erns. InteresƟ ngly, with modern state-of-the-art technologies we can obtain addiƟ onal 
and essenƟ al insights in the molecular mechanisms underlying development, for example 
at the level of the epigenome. Nowadays, the research approach oŌ en includes the idenƟ -
ﬁ caƟ on of underlying mechanisms for a speciﬁ c phenomenon that is applicable to mulƟ ple, 
if not all, phenotypes observed [60]. For example, generic PcG-mediated gene expression 
maintenance problems could be causaƟ ve of the organ defects observed in ezh2 and rnf2 
mutants. Even though Ɵ ssue speciﬁ c knockout is not an easy applicable opƟ on in zebraﬁ sh 
yet, with single cell RNA-seq combined with WISH experiments, the mechanisƟ c defects can 
be assessed that potenƟ ally apply to all diﬀ erent organs studied in PcG mutants [55,61].
The combinaƟ on of single cell RNA-seq combined with WISH and microscopy is an elegant 
example of the technical advancements made in developmental biology, as it combines bio-
informaƟ c models and molecular biology with classical techniques used in the ﬁ eld. In the 
future, the ﬁ eld of developmental biology will highly beneﬁ t from the use of the combina-
Ɵ on of techniques common in other scienƟ ﬁ c ﬁ elds, such as physics and chemistry, building 
to gain new insights in molecular developmental biology and to further this scienƟ ﬁ c ﬁ eld.
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Our body consists of a large number of cell types, which all have their own idenƟ ty and 
funcƟ on. These individual cell types show diﬀ erent behavior; however, because each cell 
contains the same DNA, this idenƟ ty cannot be explained based on cellular DNA sequence. 
A ferƟ lized egg gives rise to all cells present in the full-grown organism and contains one 
set of DNA, whilst it is the basis for all the cells present in the organism, which contains 
cells that all have diﬀ erent cellular idenƟ Ɵ es. This idenƟ ty is established by the proteins 
that are present in the cell, which is iniƟ ally regulated at the level of the DNA: control of 
which genes to transcribe into RNA and which ones not. RegulaƟ on of DNA transcripƟ on is 
very important in a plethora of contexts, including the development of an organism from a 
ferƟ lized egg. TranscripƟ onal regulaƟ on can be tweaked by a number of mechanisms, for 
example making it more or less easy to read the DNA, as the possibility to read the DNA is 
required for RNA producƟ on. For example, compacƟ on of the DNA makes it more diﬃ  cult to 
read the underlying sequence. DNA is wrapped around so-called histones and modiﬁ caƟ ons 
to the DNA and these histones can aﬀ ect how easily the DNA sequence can be accessed. In 
this doctoral thesis I have studied Polycomb group proteins, which are proteins that modify 
histones and these modiﬁ caƟ ons result in inhibiƟ on of transcribing the DNA into RNA. For 
the experiments described in this thesis, I have used zebraﬁ sh as a model organism, since 
their embryonic development shows important overlap to human development and they 
have a wide-variety of advantages in usage in developmental and bio-molecular research.
In chapter 1 I provide an overview of zebraﬁ sh development and transcripƟ onal regulaƟ on, 
with a special focus on Polycomb group proteins and their role in embryonic development, 
the germ line, and the heart. The Polycomb group proteins belong to a large family of tran-
scripƟ onal repressors of which many assemble in either Polycomb Repressive Complex 1 or 
Complex 2.
In chapter 2 a selecƟ on of Polycomb group genes is studied for their expression within the 
adult ﬁ sh and we go into more detail on their expression in the germ line, where oogenesis 
and spermatogenesis take place. If an oocyte, the egg, is ferƟ lized by sperm, it will give rise 
to an embryo that can grow into a ﬁ sh. We have also characterized where which Polycomb 
group gene is expressed during the diﬀ erent stages of development.
In chapter 3 the funcƟ on of a speciﬁ c Polycomb group protein, Rnf2, is studied in more 
detail. An rnf2 mutant embryo, so without Rnf2, has moƟ lity problems and shows morpho-
logical defects, such as the absence of pectoral ﬁ ns, carƟ lage defects in the head, and a large 
edema around the heart. Rnf2 is a protein that can normally be present at the DNA, where it 
represses underlying genes. We found that genes that are higher expressed in rnf2 mutant 
embryos compared to the control embryos are normally repressed by Rnf2. Since in the 
rnf2 mutant embryos Rnf2 is absent, this will lead to so-called overexpression of the genes 
otherwise repressed by Rnf2. In addiƟ on, we observe that in the rnf2 mutant embryonic 
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heart there are genes overexpressed that do not belong to heart muscle Ɵ ssue, but belong 
to the conducƟ on system of the heart. We hypothesize that Rnf2 absence results in a shiŌ  in 
the type of cells present in the heart, which negaƟ vely aﬀ ects the funcƟ onality of the heart.
In chapter 4 we focus on another Polycomb group protein: Ezh2. This protein modiﬁ es the 
histones, which results in transcripƟ onal repression. This repression is lost when we mutate 
Ezh2. In the healthy control situaƟ on, a ferƟ lized egg contains so-called maternal load of 
proteins and RNA which is transmiƩ ed to the embryo, to be used by the early embryos and 
survive early stages of development. Ezh2 is present in this maternal load, and with the use 
of a special technique we have been able to deplete all Ezh2 in the zebraﬁ sh embryos, which 
we then used as a model. The embryos completely lacking Ezh2 look relaƟ vely normal at 
one day post ferƟ lizaƟ on, but have morphological defects and die around two days post fer-
Ɵ lizaƟ on. Right aŌ er ferƟ lizaƟ on, we idenƟ ﬁ ed major diﬀ erences in gene expression in mu-
tants compared to control embryos, which is due to diﬀ erences in the maternal load upon 
the loss of Ezh2. Lastly, we have observed that at two days post ferƟ lizaƟ on a variety of or-
gans has been formed, but subsequently it seems that these organs cannot be maintained.
We go more into detail on the molecular funcƟ on of Ezh2 during early development in 
chapter 5. We show that on a global level at one day post ferƟ lizaƟ on only relaƟ vely mi-
nor changes are detected in gene and protein expression in mutant embryos compared to 
controls. InteresƟ ngly, as we describe in chapter 4, these diﬀ erences in gene expression 
were more dramaƟ c right aŌ er ferƟ lizaƟ on, whilst they are much smaller at one day post 
ferƟ lizaƟ on. However, we do detect shiŌ s in the localizaƟ on of gene expression paƩ erns of 
genes that are regulated by Ezh2. We propose a model in which gene expression is iniƟ ally 
established by mechanisms other than Ezh2, and that only later in development Ezh2 is 
important for the maintenance of these gene expression paƩ erns. ShiŌ s in these paƩ erns 
result in disturbance in the expression of genes and thereby a disturbance in the idenƟ ty of 
cells, which eventually results in lethality.
In chapter 6 I discuss the work presented in this thesis with the use of literature and unpub-
lished experiments that have been performed by the Kamminga research group. AddiƟ onal-
ly, I make suggesƟ ons for follow-up experiments.
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In ons lichaam hebben wij een groot aantal celtypen met allemaal hun eigen funcƟ e en 
idenƟ teit. Deze individuele funcƟ e en het onderling verschillende gedrag van de cellen, valt 
niet te verklaren door alleen te kijken naar het niveau van het DNA. De bevruchte eicel ligt 
ten grondslag aan alle cellen die uiteindelijk aanwezig zijn in het lichaam, maar heeŌ  één set 
aan DNA welke voor de vorming van de verschillende celtypes wordt gebruikt en al deze ty-
pes hebben hun eigen idenƟ teit. RegulaƟ e van het aﬂ ezen van het DNA, genaamd transcrip-
Ɵ e, is daarom erg belangrijk voor de ontwikkeling van een organisme vanuit een bevruchte 
eicel, maar ook in andere contexten. De idenƟ teit van een cel wordt onder andere bepaald 
door welke eiwiƩ en, de werkpaarden van een cel, aanwezig zijn. Dit kan worden geregu-
leerd door de transcripƟ e te beïnvloeden. Hiervoor zijn verschillende mechanismen bekend, 
waaronder het compact verpakken van DNA, wat transcripƟ e remt. DNA zit opgerold om 
zogenaamde histon eiwiƩ en en het aanbrengen van kleine wijzigingen op deze eiwiƩ en 
en op het DNA, kan grote gevolgen hebben op het aﬂ ezen van onderliggende genen. In dit 
proefschriŌ  heb ik Polycomb groep eiwiƩ en onderzocht die dergelijke wijzigingen aanbren-
gen op histonen en ervoor zorgen dat de transcripƟ e van het DNA wordt geremd. Voor de 
experimenten beschreven in dit proefschriŌ , heb ik zebravissen gebruikt als modelsysteem, 
omdat ze veel overeenkomsten vertonen met de humane ontwikkeling en vele voordelen 
hebben in het onderzoek in de onwikkelings- en moleculaire biologie.
In hoofdstuk 1 geef ik een overzicht van de ontwikkeling van zebravissen en de kennis op het 
gebied van de mechanismen die invloed hebben op transcripƟ e. Hierbij focus ik speciaal op 
de Polycomb Groep eiwiƩ en en hun rol in de algemene ontwikkeling van een organisme, de 
kiembaan en het hart. De Polycomb Groep eiwiƩ en vormen een familie van verschillende 
eiwiƩ en, waarvan een groot deel funcƟ oneert binnen Polycomb Repressive Complex 1 of 
Complex 2.
In hoofdstuk 2 kijken we naar de expressie van  een selecƟ e van Polycomb groep genen bin-
nen de volwassen vis en gaan we dieper in op de kiembaan, waar de vorming van eicellen en 
spermacellen plaatsvindt. De samenkomst van een eicel en sperma leidt tot een bevruchte 
eicel, dat zich kan ontwikkelen tot een volledig organisme. Ook Ɵ jdens verschillende stadia 
van embryonale ontwikkeling hebben we in kaart gebracht waar welke Polycomb groep ge-
nen tot expressie komen.
Vervolgens bestuderen we in hoofdstuk 3 de funcƟ e van een speciﬁ ek Polycomb Groep 
eiwit, Rnf2. Een embryo mutant voor rnf2, dus zonder Rnf2, beweegt moeilijk en vertoont 
grote uiterlijke afwijkingen, waaronder de afwezigheid van rugvinnen, afwijkend kraakbeen 
in de kop en een groot oedeem rondom het hart. Rnf2 is een eiwit dat aanwezig kan zijn 
op het DNA en de expressie remt van de genen die op dat speciﬁ eke deel van het DNA 
liggen. Genen die hoger tot expressie komen in rnf2 mutanten vergeleken met de controle 
embryo’s worden normaal gesproken geremd door Rnf2, maar doordat deze remming er 
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in de mutanten niet is, komen deze genen tot overexpressie. Daarnaast zien we speciﬁ ek 
in het hart van rnf2 mutanten genen tot overexpressie komen die niet horen bij het hart 
spierweefsel, maar bij het conducƟ e systeem in het hart. Door de afwezigheid van Rnf2 lijkt 
het erop dat de verhouding van het soort cellen binnen het hart is veranderd, waardoor het 
hart niet goed kan funcƟ oneren.
In hoofdstuk 4 focussen we op een ander Polycomb Groep eiwit, Ezh2. Dit eiwit plaatst een 
markering op histonen dat resulteert in remming van transcripƟ e. Door Ezh2 te muteren, 
verdwijnt deze remming. In de normale situaƟ e bevat de eicel al een maternale lading aan 
eiwiƩ en en RNA welke via de eicel worden doorgegeven aan het embryo. Het embryo ge-
bruikt deze maternale lading om de vroege fases van de ontwikkeling door te komen. Ezh2 
wordt ook doorgegeven in de maternale lading en door het gebruik van een speciale tech-
niek is in ons model alle Ezh2 afwezig. De ontstane embryo’s zonder Ezh2 zien er op één dag 
na de bevruchƟ ng normaal uit, maar vertonen op twee dagen na de bevruchƟ ng morfolo-
gische afwijkingen en ze gaan dan ook dood. Direct na de bevruchƟ ng vinden we grote ver-
schillen tussen mutanten en de controle embryo’s in het soort genen dat tot expressie komt. 
De gehele maternale lading van RNA blijkt aangetast in de afwezigheid van Ezh2. Daarnaast 
zien we dat op twee dagen na de bevruchƟ ng verschillende organen wel juist lijken te wor-
den gevormd, maar dat deze vervolgens niet goed in stand kunnen worden gehouden.
We onderzoeken de onderliggende moleculaire funcƟ e van Ezh2 Ɵ jdens de ontwikkeling 
in hoofdstuk 5. We tonen aan  dat er op globaal niveau op één dag na bevruchƟ ng slechts 
relaƟ ef kleine veranderingen worden gedetecteerd in genexpressie in ezh2 mutanten ten 
opzichte van controle embryo’s. Interessant genoeg waren er dus op hele vroege stadia, 
vlak na bevruchƟ ng, grote verschillen in de genexpressie, wat we beschrijven in hoofdstuk 
4, maar op één dag na bevruchƟ ng blijken deze verschillen vrij klein. Wel zien we op één 
dag na bevruchƟ ng verschuivingen in de lokalisaƟ e van genexpressie patronen binnen het 
embryo van de genen die door Ezh2 worden gereguleerd. We stellen een model voor waarin 
genexpressie in het embryo in eerste instanƟ e wordt bepaald door andere mechanismen en 
Ezh2 pas later belangrijk is voor het behoud van deze genexpressie patronen. Verschuivin-
gen in deze patronen zorgen voor een verstoring in de lokale genexpressie en daarmee een 
verstoring in de idenƟ teit van de cellen, wat uiteindelijk lethaal is voor het embryo.
In hoofdstuk 6 bediscussieer ik het werk uit dit proefschriŌ  in het licht van de huidige lite-
ratuur en ongepubliceerde experimenten die zijn uitgevoerd in de Kamminga onderzoeks-
groep. In dit hoofdstuk stel ik ook vervolgexperimenten voor.
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